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FINAL REPORT 
DEVELOPMENT OF A CHROMIUM-THORIA ALLOY 
N. D. Veigel, B. A. Wilcox, J. M. Blocher, Jr., 
A, H. Clauer, D o  A. Seifert, K ,  E. Meiners, 
M. F, Browning, and W, H ,  Pfeifer 
ABSTRACT 
A vapor-deposition apparatus was designed, constructed, and used to 
prepare chromium and chromium-3 w/o Tho powders in one-quarter to one-half 2 
pound (114-227 g) lots. The powders were consolidated by hot isostatic pressing, 
rolled to sheet, and evaluated in sheet form. 
The addition of thoria lowered the ductile-to-brittle transition temper- 
ature both in the as-rolled and annealed (1 hr, 1200~~) conditions. After high 
temperature annealing (up to 1 4 2 7 ~ ~ ) ~  the Cr-Tho alloys recrystallized with 2 
elongated grains. Although such a structure should have good high temperature 
strength, no improvement was observed, probably because the microstructure was 
less than optimum. 
SUMMARY 
/ 
The purpose of this investigation was to evaluate the low temperat:lre 
ductility and high temperature strength of chromium and chromium-thoria p r e p s r e d  
from powders produced by chemical vapor deposition, The initial objective \jab;- to 
scale-up a vapor-deposition process patterned after a smaller unit of the f f r s t  
phase of work used in a previous program (NASA-10492)(l) to produce one pound 
(454 g) lots of chromium/thoria powder in a one-day process run. This objeckive 
was partially achieved in that 0.30 to 0.55 pound (133-250 g) lots of powder prod- 
uct were collected in preparations of 8 to 11 hours duration, Development pro- 
gressed to the extent that the preparation of one-pound (454 g) lots in about 20 
hours of continuous operation appear to be attainable, The major problem encoun- 
tered with the powder preparation unit, was the formation of a chromium plug on a 
nozzle that injected a helium-Cr12 mixture into a hydrogen filled chamber, t h e r e b y  
causing early termination of powder preparation runs, An effective nozzle design 
was identified and used to prepare chromium and chromium/thoria powder, 
The powders prepared for evaluation included a 250-g lot of pure cbrorni-m 
powder, and three other lots (133 to 232 g) of Cr-Tho powder containing a b o t t  2 
3 W/O Tho2 (2.2 v/o). 
2 Powder products were cold pressed at 50,000 psi (345 MN/m ) and densrfied 
2 by hot isostatic pressing (HIP) at 10,000 psi (69 MN/m ) and 1 1 0 0 ~ ~  for two Lours ,  
The consolidation was successful in that densification was achieved and no detect- 
able leakage occurred during HIP, However, most of the consolidated billets were 
found to be cracked after decladding and surface grinding. Consequently, s e c c r o n i n g  
was required to obtain crack-free material for rolling. Successful hot  roZlF~rrg of 
the billets to sheets of 0,026 to 0,033 inch (0,066 to 0,084 cm) thickness wss 
achieved. The billets were sheathed in a mild steel container and initial;y r o l l e d  
at 1100~~. As rolling progressed the temperature was gradually lowered, and the 
final rolling temperature was 7 0 0 ~ ~ ~  
- 4 - 1 Tension tests at a strain rate of 1.7 x 10 sec showed that the 
Tho2 particles lowered the ductile-to-brittle transition temperature (DBTT) com- 
p e r e d  w i t h  pure chromium. This ductilizing was evident both in the as-rolled 
condition, and after the materials had been annealed for one hour at 1 2 0 0 ~ ~ .  
The DBTT values were: 
Material As -Rolled Annealed 
Pure chromium 140'~ 140°c 
Cr-Tho2 alloys 15Oc 50°c 
This ductilizing was interpreted as the result of three possible mechanisms: 
(1) Tho2 particles dispersing slip, such that critical stress concentrations for crack 
initiation were more difficult to achieve, (2) particles acting as dislocation sources 
p r ~ v l d i n g  mobile dislocations, and (3) particles in grain boundaries helping transmit 
slip across the boundaries. 
Over the temperature range 150-200°C the yield and ultimate strengths of 
2 Cr-ThO alloys were about 10,000 psi (69 MN/m ) higher than corresponding values for 2 
pure chromium, However, at 1093OC the strength of Cr-Tho2 alloys was essentially the 
seme as pure chromium. The relative lack of dispersion strengthening is attributed 
to a less than optimum dispersion of ThO particles. In order to achieve better low 2 
and high temperature strengthening, the ThO dispersion must be made more uniform, 2 
or anether strengthening method such as solid solution alloying, e.g., with tantalum 
or niobium, must be used in conjunction with,the dispersion. 
INTRODUCTION 
Dispersion-strengthened chromium is of interest for use in turbines which 
require materials having better high-temperature strength and oxidation resistance 
t h a n  present superalloys. To be effective in strengthening at elevated temperatures, 
the d i s p e r s o i d  must be stable in contact with the matrix and impurities associated 
with the matrix. Another requirement for turbine use is that the material must have 
sufficient ductility at low temperatures to withstand shock associated with turbine 
I D  star t -up"".  The l imi t ed  d u c t i l i t y  of chromium i s  w e l l  known and i s  recognized to 
be a severe  des ign  l i m i t a t i o n ,  Consequently, t h e  ob jec t ive  of t he  present  research 
program was t o  develop and c h a r a c t e r i z e  a dispersion-strengthened chromium sys tem 
t h a t  no t  only has improved s t r e n g t h  and mic ros t ruc tu ra l  s t a b i l i t y  a t  elevated tern- 
p e r a t u r e s ,  bu t  a l s o  has improved d u c t i l i t y  a t  low temperatures .  
The p re sen t  r e sea rch  program i s  a con t inua t ion  of work, concludeci under  
a previous c o n t r a c t  (NASA-10492)(l), which demonstrated t h a t  consol ida t ion  of 
sma l l  l o t s  (5-16 g)  o f  vapor-formed chromiumlthoria powder y i e l d s  a dispersion 
t h a t  i s  thermally s t a b l e  dur ing  h igh  temperature anneal ing,  e .  g. ,  1427'6 fcr 
100 hours .  An expected r e s u l t  of t h i s  d i s p e r s i o n  of t h o r i a  i n  chromium is an increese  
i n  t h e  room temperature and high-temperature s t r e n g t h .  Although mechanicai-propercy 
d a t a  were not  obtained f o r  the  chromium/thoria a l l o y  prepared during t he  pr I ev ious  
program, the  s t rengthening  e f f e c t  of d i spersed  p a r t i c l e s  i n  o t h e r  a l l o y  systems 
i s  w e l l  known. 
Another a n t i c i p a t e d  e f f e c t  t h a t  may be obtained wi th  p a r t i c l e s  d~spersed 
i n  " b r i t t l e "  meta ls  i s  t o  lower t h e  d u c t i l e - t o i b r i t t l e  t r a n s i t i o n  tempera t t se  
(DBTT). Although the p o s s i b i l i t y  has no t  been demonstrated i n  t he  c h r m i m i / t h o r i a  
system, i t  has been pos tu l a t ed  by Hahn and ~ o s e n f i e l d ' ~ ) ,  and demonstrated i n  rbe 
Fe-Th02 system(3).  The b a s i c  premise i s  t h a t  p a r t i c l e s  would l i m i t  the f r e e - s i L p  
d i s t ance ,  thus  reducing t h e  d i s l o c a t i o n  p i le -up  length ,  which i n  t u rn  would  raise 
t h e  cleavage s t r e s s .  I f  t h i s  occurs ,  t h e r e  i s  a good p o s s i b i l i t y  t h a t  y i e l d i n g  
w i l l  occur  before  cleavage, and t h e  d u c t i l e - t o - b r i t t l e  t r a n s i t i o n  temperature 
w i l l  be s h i f t e d  t o  lower temperatures .  
The immediate and long range ob jec t ives  of t h e  present  program were tc: 
(1) scale-up the  vapor-deposi t ion process  t o  produce about one pound (454 g) of 
chromium o r  chromium-thoria powder i n  a one day process  run,  (2 )  t o  consolidate the 
powder and r o l l  t o  s h e e t ,  and (3) t o  prepare specimens f o r  eva lua t ion  of the  duc- 
t i l i z i n g  concept and t o  examine h igh  temperature s t r e n g t h  and thermal stability, 
PROCESS DEVELOPMENT 
Process  Descr ip t ion  
The f e a s i b i l i t y  of prepar ing  sma l l  l o t s  of chromium/thoria powder by 
(1) d e p o s i t i o n  was demonstrated i n  t he  previous development program . On conso l i -  
caeion of the powder product,  a  thermally s t a b l e  d i spe r s ion  was obtained having 
an  i n t e r p a r t i c l e  spac ing  of 3 t o  5 ,u m. I n  view of the  promising r e s u l t s ,  s c a l e -  
up  of the process  and f u r t h e r  eva lua t ion  of t h e  product were pursued. 
%e process  involves  t he  feeding of a  C r I  -helium gas mixture i n t o  a 2  
hydrogen-f i l led  chamber t o  cause t h e  formation of chromium powder by hydrogen 
r educ t i on  of t h e  C r 1 2 .  Simultaneously, t h o r i a  p a r t i c l e s  en t r a ined  i n  hydrogen 
a r e  injected i n t o  t h e  r e a c t i o n  zone. Thus, chromium powder is  formed i n  t h e  
presence of t h e  t h o r i a  p a r t i c l e s .  It has  not  been e s t a b l i s h e d  t h a t  t h e  t h o r i a  
particles are coated i n  t h i s  process .  However, t h e  t h o r i a  and chromium a r e  
s u f f i e i e n t k y  blended s o  t h a t  on conso l ida t ion  of the  powder a  p r a i s i n g  m a t e r i a l  
i s  obtained,  The s i z e  of t h e  as -prepared  chromium powder i s  i n  t h e  range of 
Design of t h e  Powder-Preparation Unit 
A schematic drawing of  t h e  appara tus  i s  given i n  F igure  1, and photo- 
graphs of the assembled u n i t  a r e  shown i n  Figures  2, 3, 4, and 5. Operat ion of 
the  u n i t  i s  descr ibed  i n  t h e  fol lowing d i scuss ion .  
Iod ine  i s  vaporized and c a r r i e d  wi th  helium from a  t h r e e - l i t e r  f l a s k  
housed i n  t he  hea t ing  jacke t  l abe l ed  A i n  F igure  2. The iodine-evaporat ion assembly 
i s  mounted on a  p la t form balance i n  o rde r  t o  monitor t h e  iod ine  feed r a t e .  The 
hel ium/iodine gas mixture  is fed t o  a  7  cm diameter  x 38.1 cm long Vycor tube  
(labeled B i n  Figure 2) conta in ing  s o l i d  C r 1 2  powder heated t o  about 700'~. 
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F I G U R E  2 .  VIEW OF ASSEMBLED CHROMIUM/THORIA POWDER-PREPARATION UNIT 
Reentrant  tube  h e a t e r  
Sheathed h e a t i n g  element 
/ l ead  f o r  prehea t ing  ii? 
Water-cooling c o i l  Top c l o s u r e  f o r  1 2 - 7 - c m - I D  
q u a r t z  tube.  S t a i n l e s s  
s t e e l  p l a t e  wi th  " O Q B  r ing,  
3 3 ~ 3 3 ~ 1 . 2 7 c m  
S t a i n l e s s  s t e e l  
suppor t  rods 
S t a i n l e s s  s t e e l  ra -  
d i a t i o n  s h i e l d s  
,70-mm- ID qua r t z  cham- 
b e r  t o  c o n t a i n  chromiu 
be ing  iod ina t ed  
Thermocouple w e l l  
.Hydrogen p rehea te r  
E x i t  t u b e  f o r  
Molybdenum d i sks  S t a i n l e s s  s t e e l  s u p p o r t  
w i th  molybdenum i t h  quartz-cloth 
nu t  and b o l t  sup- 
p o r t  
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.FIGURE 3. ASSEPIBLY FOR IODINATION OF CHROFIIUM AND PREHEATING HYDROGEW 
FIGURE 4. VIEW OF THE He -Cr I2 -FEED NOZZ LF, 
F I G U R E  5. VIEW O F  CHROMIUM/THORLA-POWDER-COLLECTION ASSEMBLY 
The purpose o f  the  heated C r I  i s  t o  r e a c t  wi th  the  contaminant water  normally 2  
found to be present  i n  i od ine  i n  concent ra t ions  of 0.01 t o  0 .1  w t . % .  The water  
reacts with GrG t o  y i e l d  nonvo la t i l e  Cr203 and gaseous H I .  The H I  i s  no t  a  
concaminant, s i n c e  i t  i s  one of t he  reduct ion  products i n  t he  powder-preparation 
p rocess ,  To minimize poss ib l e  t r a n s p o r t  of C r  0  s o l i d  by gas entrainment ,  a  smal l  2  3  
irirted-glass f i l t e r  ( labe led  C i n  F igure  2) was placed upstream from the  C r 1 2  
getrer, Bowever, the f i l t e r  became clogged wi th  en t r a ined  C r I  and i t s  use was 2  ' 
d i s s o n t  inued  e a r l y  i n  t h e  program. 
For t h e  continuous p repa ra t ion  of C r 1 2  i n  t h e  assembly shown i n  F igure  3 ,  
a predetemlined mixture of helium and iod ine  i s  i n j e c t e d  i n t o  the  bed of chromium 
heated ro 1000 '~  (see F igure  3  and Figure 4, Locat ion A ) .  The r a t e  of i od ine  
a d d i t i o n  i s  con t ro l l ed  t o  l i m i t  t he  accumulation of l i q u i d  C r I  i n  t h e  C r I  2 2 
genera tor ,  'The helium-Cr12 mixture i s  i n j e c t e d  i n t o  t h e  hydrogen-f i l led  chamber 
th rough  a nozzle  a t  Locat ion B. Helium i s  fed through Tube C of F igure  4 t o  a  
tube c m c e n t r i c  wi th  t h e  helium-Cr12 feed tube, t o  prevent  t h e  con tac t  of t he  C r 1 2  
wi rh  hydrogen and thereby  prevent  depos i t i on  of chromium by t h e  hydrogen-reduction 
reaction, Also, a small amount of i od ine  i s  fed a long  wi th  the  helium-shroud gas 
tcl preisent depos i t i on  by thermal d i s s o c i a t i o n  on d i l u t i o n  wi th  t h e  helium. The 
concer~ t ra t i an  of i od ine  i n  t he  helium required t o  prevent depos i t i on  on 50 percent  
d i l u t i o n  i s  c a l c u l a t e d  t o  be 0.25 mole percent .  
Hydrogen i s  added through the  112-in. (1.27 cm) diameter  s t a i n l e s s  s t e e l  
t ~ b e  visible i n  F igures  3 and 4, Locat ion D. The s t e e l  tube i s  wound wi th  a 
sheathed h e a t i n g  element,  which prehea ts  t h e  hydrogen be fo re  i t  e n t e r s  a  second 
heating chamber formed by t h e  space between t h e  w a l l  of t he  5- in.  (12.7 cm) LD- 
quarts housing and t h e  i o d i n a t i o n  chamber. The hea ted  hydrogen passes  molybdenum 
discs visible i n  F igures  3 and 4 on e n t e r i n g  t h e  r e a c t i o n  chamber. 
Thoria i s  fed  from t h e  f eede r  p a r t i a l l y  v i s i b l e  i n  Figures  2 and 5 and 
Babeled E i n  both f i g u r e s .  The f eede r  is  cons t ruc ted  of s t a i n l e s s  s t e e l  tubing,  
2-1/2 i n .  (6.35 cm) OD x 19 i n .  (48.2 cm) o v e r a l l  he ight ,  and provided with 
'"''-ring s e a l s  located i n  the  top f lange,  and a  two-stage conica l  b o t t m ,  The 
0 f i r s t  s t age  cons i s t s  of a  cone having a  40 included angle a t tached t o  a 3 / 4 - i n ,  
(1.91 cm) I D  x  1 i n .  (2.54 cm) long s t r a i g h t  sec t ion  which i s  welded to the second 
0 
cone having a  20 included angle.  Chromium granules,  60 x 120 mesh, a r e  csntaineii 
i n  the  f i r s t  s t age  where they a r e  f lu id ized  with hydrogen admitted through a smli  
l i n e  a t  the  bottom of the  feeder.  The f lu id ized  chromium bed d i s t r i b u t e s  the gas 
and prevents channeling of the  thor i a  contained i n  the  second s t age .  The i ~ s e  of 
chromium a t  t h i s  point was chosen t o  avoid the  e f f e c t s  of poss ib le  a t t r i t i o n  and 
entrainment of some foreign mate r i a l  i n t o  the  system. Addit ional  hydrogen i s  
introduced above the  f lu id ized  bed of t h o r i a  p a r t i c l e s  t o  f a c i l i t a t e  entrainment, 
The ent ra ined p a r t i c l e s  a r e  accelera ted  t o  near  sonic  v e l o c i t y  i n  a  4.7-mil (0 , I . i9  
cm) I D  tube, where they deagglomerate. These p a r t i c l e s  a r e  then in jec ted  i n t o  the  
r eac t ion  chamber. 
The chromium-thoria-powder product i s  c a r r i e d  by entrainment toward 
the  bottom of the 5-in. (12.7 cm) ID-quartz tube where i t  i s  de f l ec ted  by a 1 5 - m i l  
0 (0.038 cm) t h i c k  sheet  of molybdenum cut  t o  form an e l l i p s e  t h a t  r e s t s  a t  za. 45 
angle  i n  the  bottom closure  of the  quartz tube. The exhaust gas and entral,.ned 
product e x i t  through a  1/2-in. (1.27 cm) s t a i n l e s s  s t e e l  pipe connected w;th 
Teflon t o  a  g lass  cyclone separa tor  v i s i b l e  i n  Figure 5, Location A.  The cyclone 
was fabr i ca ted  from a  500-ml Erlenmeyer f l a s k  provided wi th  1.9 cm t ~ b u l a r - . ~ g l a s s  
i n l e t  and o u t l e t  f o r  the  gases. The powder product t h a t  i s  d isent ra ined E n  the 
cyclone f a l l s  i n t o  the  product f l a s k  a t  B i n  Figure 5. The powder product t h a t  
escapes the  cyclone i s  co l l ec ted  i n  the  C o t t r e l l  p r e c i p i t a t o r s  labeled C i n  
Figure 5 .  In  operat ion,  the  1-in.  (2.54 cm) I D  p l a s t i c  tubing connecting che 
bottoms of the  cyclone and p r e c i p i t a t o r s  i s  closed with clamps s o  t h a t  the gas 
must flow through the  top opening of the  cycyone. The exhaust gas from thzl 
p r e c i p i t a t o r s  i s  bubbled through dibutylphthala te  and then cleaned ~ L I  a water-spray 
scrubber l oca t ed  a t  D i n  F igure  5 p r i o r  t o  be ing  exhausted i n t o  a  vented hood. 
The s p r a y  scrubber  i s  cons t ruc ted  of b lack- i ron  f i t t i n g s  w i th  a  spray  nozz le  
housed j u s t  below t h e  pipe "T" and is  d i r e c t e d  downward i n t o  a  water  r e s e r v o f r  
provided w i t h  a d ra in .  
'Pkae powder products  from both the  p r e c i p i t a t o r  and the  cyclone a r e  
t r a n s f e r r e d  by g r a v i t y  w i t h  v i b r a t i o n  t o  t he  product f l a s k .  Since t h e  product 
contair;lis some unreacted C r I  i t  i s  t r a n s f e r r e d  from t h e  f l a s k  t o  a  4- in.  (10.2 2 ' 
cr) diameter x 20-in.  (50.8 cm) long Vycor bulb f o r  h e a t  t reatment  i n  hydrogen 
a t  7 0 0 ~ ~  t o  reduce t h e  C r 1 2  t o  chromium. The h e a t - t r e a t e d  product i s  then t r a n s -  
fer red  back i n t o  a  product f l a s k  f o r  s t o r a g e  u n t i l  t h e  conso l ida t ion  s t e p  i s  
undertaken, A l l  t r a n s f e r s  a r e  made i n  a  p u r i f i e d  helium atmosphere. 
Experimental Operat ion of  t he  Powder-Preparation Unit 
In all, 13 powder-preparation runs were made. The f i r s t  e i g h t  
runs  d i d  n o t  y i e l d  s i g n i f i c a n t  q u a n t i t i e s  of chromium powder a s  a  r e s u l t  of 
early t e rmina t ion  forced by ope ra t iona l  d i f f i c u J t i e s .  E f f e c t i v e  modi f ica t ions  of 
the coating u n i t  were i d e n t i f i e d  and used i n  t he  l a s t  f i v e  p repa ra t ions  f o r  t h e  
preparation of 133 t o  250 gram l o t s  of powder products .  The p repa ra t ions  a r e  
s u m r i z e d  i n  Table 1. 
The primary o p e r a t i o n a l  problem involved t h e  formation of a  chromium 
deposit on t h e  nozz le  t h a t  i n j e c t s  t he  Cr12-helium mixture i n t o  t h e  hydrogen- 
f l l l e d  r e a c t i o n  zone. I n i t i a l l y ,  the  chromium depos i t  on the  nozz le  d e f l e c t e d  
the  Gri2-"iaeliw gas s t ream and l ed  t o  an  i n e f f i c i e n t  r e a c t i o n  a s  a  r e s u l t  of 
inadequate mixing w i t h  hydrogen. Eventual ly,  t h e  chromium depos i t  formed a 
g a s - t i g h t  plug. It was recognized a t  t h e  o u t s e t  of t he  program t h a t  i t  would be 
dnfficult t o  i n j e c t  t he  thermally uns t ab le  gaseous compound, C r 1 2 ,  a t  high tempera- 
ture into a hydrogen-f i l led  chamber. D i s soc i a t ion  of t he  C r 1 2  can occur by 
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TABLE 2. (Continued) 
(1) The gas composition used f o r  a l l  of t h e  runs is  near  t h a t  used i n  the  previous research program (NASA-10492). The 
composition i s  23.8 t o  23.9 mole % helium, 75.5-75.9 mole % hydrogen, and 0.27 t o  0.66 mole % CrI2. 
(2) See Figures 6 and 7. 
(3) A thermocouple housed i n  a 7-mm-OD wel l  was supported from the  bottom of the  preparation u n i t  and posit ioned a x i a l l y  
wi th  the  termination of the  closed end of the w e l l  and the thermocouple bead a t  a  point  th ree  inches (7.6 cm) wi thin  the 
bottom of the  reac t ion  chamber. Chromium deposited on the we l l  a t  an average r a t e  of 4.7 g /hr .  I n  the  absence 
of t h e  we l l ,  a  major por t ion of t h e  deposited chromium could have formed powder. Therefore, t h e  indicated r a t e  of 
powder formation could be low by as  much a s  4.7 g/hr.  
(4) A high-veloci ty  (4700 cm/sec) j e t  of hydrogen was fed from the  bottom of the reac t ion  zone counter-current  t o  the  
CrI2-helium flow t o  improve the  mixing of gases. However, t h e  j e t  of hydrogen may have adverse ly  a f fec ted  the  
temperature of the  reac tan t  gases,  s i n c e  i t  was not  preheated p r i o r  t o  i n j e c t i o n  i n t o  the reac t ion  chamber. 
(5) Several  wire probes were located i n  the  reac t ion  chamber t o  gain  information on the  ex ten t  of the  reac t ion  a t  
va r ious  points .  Chromium deposited on the  wire  probes a t  an average r a t e  of 4 .3  g /h r .  In  add i t ion ,  chromium 
deposi ted  across  the  l a rge  nozzle a t  an average r a t e  of 5 g fh r .  I n  the  absence of t h e  added su r faces ,  up t o  9 .3  
g / h r  of a d d i t i o n a l  powder could have been formed. 
dildticn with an  i n e r t  gas a s  w e l l  a s  by hydrogen reduct ion .  Consequently, t he  
general approach t o  t h e  problem was t o  sweep the  hydrogen away from the  nozz le  
with an inert gas and thereby prevent  t he  hydrogen reduct ion  of C r I  on t h e  2 
3 o z a l e ,  To prevent  t h e  thermal  decomposition by d i l u t i o n  a t  t he  nozzle ,  iod ine  
was fed a t  a predetermined concent ra t ion  along wi th  t h e  i n e r t  sweep gas.  The 
approach was b a s i c a l l y  sound a s  i nd ica t ed  by t h e  succes s fu l  prepara t ion  of 
useful q u a n t i t i e s  of powder product.  However, t h e  i d e n t i f i c a t i o n  of a nozzle  
conf igura t ion  t h a t  made e f f e c t i v e  use of t h e  iodine-doped sweep gas involved 
considerable e f f o r t  a s  i nd ica t ed  i n  t h e  d i scuss ion  t h a t  fol lows.  
The formation of  an i r r e g u l a r  chromium depos i t  on the  nozz le  no t  only 
caused eventua l  te rmina t ion  of a p repa ra t ion  run due t o  complete blockage of t h e  
gas flow, but  by a l t e r i n g  t h e  flow c h a r a c t e r i s t i c s  a l s o  caused unknown and un- 
contro?lled changes i n  t h e  mixing of t h e  r e a c t a n t s  i n  t h e  r e a c t i o n  chamber. The 
changes i n  mixing of the  r e a c t a n t s  i n  t u r n  caused wide v a r i a t i o n s  i n  t h e  r e a c t i o n  
e f f i c i e n c y ,  and, a s  a r e s u l t ,  a v a r i a b l e  powder-yield r a t e  was obtained.  I n  
a d d i t i o n ,  i f  t h e  Cr12-helium mixture was d e f l e c t e d  toward t h e  w a l l  of the reac-  
t i o n  chamber, chromium was deposi ted t h e r e  i n  massive form r a t h e r  than a s  t he  
desired powder. The problem was not  only decreased powder-production e f f i c i e n c y ,  
b u t  the i n a b i l i t y  t o  p r e d i c t  t h e  amount of chromium powder being prepared, which 
 st be known t o  e s t a b l i s h  the  r a t e  of Tho2 feed f o r  a des i r ed  a l l o y  composition. 
31e nozzle  designs eva lua ted  a r e  shown i n  Figure 6 .  The i n i t i a l  approach 
was t o  use h igh  v e l o c i t i e s  of t h e  Cr12-helium mixture and shroud t h e  end of t h e  
nozzle with helium conta in ing  0.23 t o  0.55 mole percent  iod ine .  The h igh  gas 
ve loe i  t ies e f f e c t i v e l y  prevented blockage f o r  about  f i v e  hours of o p e r a t i  on. 
Hot~eves, a s  information on t h e  y i e l d  of powder was obtained,  i t  became apparent  
t h a t  t h e  powder-preparation r a t e  decreased wi th  inc reas ing  gas v e l o c i t i e s  through 
the nozzle, 
O u t e r  T u b e ,  Inner  T u b e ,  Z ,  
Nozzle mm I D  mm I D  - mm 
A ,  B ,  c 
C r I ,  + H e  
FIGURE 6. NOZZLE DESIGNS USED T O  I N J E C T  THE C r I  -HELIUM 
MIXTURE INTO THE HYDROGEN-FILLED R E A C ~ O N  ZONE 
Nozzles A and B of Figure 6  a r e  nozzles  t h a t  ope ra t e  a t  r e l a t i v e l y  high 
gas vellscities, i . e . ,  4,000 and 11,000 cm/sec, r e spec t ive ly .  Nozzle C of Figure 
6 was operated wi th  a  gas v e l o c i t y  of 600 cm/sec and, a s  i nd ica t ed  by the  d a t a  
included i n  Table 1, i t s  use  r e s u l t e d  i n  t h e  f i r s t  improvement i n  t h e  r a t e  of 
p m d e r  fo rna t ion .  Nozzles D and E of Figure 6  were then designed t o  e i t h e r  spread 
gases - ~ n j e c t e d  a t  h igh  v e l o c i t y  o r  e f f e c t i v e l y  use  a  low v e l o c i t y .  Nozzle D 
was foi~nd t o  be i n e f f e c t i v e .  Nozzle E was designed t o  ope ra t e  a t  r e l a t i v e l y  low 
gas velocity, 900 cm/sec, wi th  a  helium-0.5 mole percent  iod ine  shroud gas i n -  
jected t a n g e n t i a l l y  t o  t h e  Cr12-helium mixture.  The design involv ing  t a n g e n t i a l  
injection showed promise and was expanded t o  inc lude  t h e  t a n g e n t i a l  feed of t h e  
hexurn . - i idd ie  mixture t o  both a  shroud and an  i n n e r  C r I  -helium i n j e c t i o n  nozz le ,  2  
as shown i n  Figure 7. With t h e  l a t e s t  nozzle  design,  up t o  about 1/2 pound (227 g )  
quantities of chromium o r  ch rmium/ tho r i a  powder were prepared i n  s i n g l e  prepara-  
t i on  runs of about 10 hours du ra t ion .  P repa ra t ion  runs of up t o  20 hours 
d u r a t i o n  t o  y i e l d  one-pound (454 g) q u a n t i t i e s  of powder product now appear  t o  
be attainable with  e x i s t i n g  appara tus  and ope ra t iona l  experience.  
C a l i b r a t i o n  of t h e  Thoria Feeder 
Control  of composition wi th  r e spec t  t o  t h o r i a  depends on being a b l e  t o  
predict t he  r a t e  of formation of  chromium powder throughout t h e  p repa ra t ion  run 
s o  that the r a t e  of t h o r i a  feed can be ad jus t ed  accordingly.  When t h e  development 
o f  t h e  powder p repa ra t ion  u n i t  progressed t o  t h e  e x t e n t  t h a t  t h e  r a t e  of chromium 
powder fornut ion  was p red ic t ab le ,  ope ra t ing  condi t ions  f o r  t h e  t h o r i a  f eede r  were  
i den t : i f i ed  t o  d e l i v e r  t h e  requi red  amount of t h o r i a .  The t h o r i a  feede1;described 
i n  detail i n  an  e a r l i e r  s e c t i o n  of t h i s  r e p o r t ,  c o n s i s t s  mainly of a  two-stage 
f luidezed-bed u n i t  provided w i t h  a  smal l  bore tube t o  t r a n s p o r t  en t r a ined  t h o r i a  
ptowder t o  t h e  hydrogen-f i l led  r e a c t i o n  chamber of t he  powder-preparation u n i t .  
Tangen t i a l  inlet t o  
c e n t r a l  tube 
Tangen t i a l  inlet t o  
concen t r i c  shroud t u b e  
FIGURE 7. NOZZLE DESIGN USED TO INJECT THE C r I  -HELIUM 
MIXTURE INTO THE HYDROGEN-FILLED R E A C ~ I O N  ZONE 
S5e f;rst s t a g e  of t h e  f l u i d i z e d  bed feeder  contained chromium granules  t o  d i s t r i -  
b u t e  t h e  gas fed t o  t he  bed of t h o r i a  contained i n  t he  second s t age .  
-7- 
To c a l i b r a t e  the  feeder ,  150 grams of V i t r o  t h o r i a  was charged. This 
t h o r i ;  was s p e c i f i e d  t o  be nominally 0.02 t o  0.05 1 m i n  s i z e ,  but a c t u a l l y  contained 
some C, 1 to 1.5 p m s i z e  p a r t i c l e s .  An e l e c t r o n  micrograph of t h e  s t a r t i n g  Tho2 powder 
is sliown i n  Figure 8. It i s  seen t h a t  most of the  p a r t i c l e s  a r e  sma l l e r  than about 
800 2 (0.08 p m). However, l a r g e  p a r t i c l e s  such a s  t h e  one i n  Figure 8 were 
obser\:ed f requent ly .  These were gene ra l ly  i n  t h e  s i z e  range 0.1 t o  1.5 p m. 
The smail  bore exhaust tube  f o r  t h e  t h o r i a  feeder  was connected t o  a  
weigh& e l e c t r o s t a t i c  p r e c i p i t a t o r .  The weight of t h o r i a  c o l l e c t e d  a t  cons tan t  
FIGURE 8. ELECTRON MICROGRAPH OF STARTING Tho2 POWDER, 60,OOOX 
The p a r t i c l e s  were suspended i n  a  s o l u t i o n  of e t h y l  
a l c o h o l  and sprayed onto an  e l e c t r o n  microscopy g r i d  
covered wi th  a  carbon f i lm.  
.*.. 
This Tho, was procurred from V i t r o  Labora tor ies  of West Orange, New Je r sey .  A 2 discussion regarding s e l e c t i o n  of t h i s  Tho source i s  given i n  Appendix A. 2  
gas flow r a t e s  i n  t h e  e l e c t r o s t a t i c  p r e c i p i t a t o r  was determined a f t e r  successive 
one-hour per iods of opera t ion .  Based on a  predetermined t o t a l  chromium-feed 
r a t e  of 60 grams per  hour i n  t h e  powder-preparation u n i t ,  t h o r i a  feed r a t e s  b f  
1.9 and 4.0 grams per  hour were expected t o  be requi red  f o r  nominal powder compo- 
s i t i o n s  of 2 t o  3, and 5 t o  6 v / o  t h o r i a ,  r e spec t ive ly .  
It was expected from previous experience t h a t  t he  cond i t i on  of the t h o r i a  
i n  t h e  f eede r  had t o  be taken i n t o  account i n  order  t o  o b t a i n  a  des i r ed  feed r a t e ,  
I n  an entrainment- type feeder ,  a  high r a t e  of feed i s  obtained wi th  a f r e s h  charge 
of t h o r i a .  The r a t e  of t h o r i a  feed a t  cons tan t  gas flow r a t e  decreases  rapl -d ly  
w i t h i n  s e v e r a l  hours of ope ra t ion  and then  becomes more cons t an t ,  p r e smab ly  as a 
r e s u l t  of a  more s t eady  s t a t e  of agglomeration and compaction of t he  charge, 
Consequently, c a l i b r a t i o n  of t h e  f eede r  f o r  each chromium/thoria run was con- 
s i d e r e d  t o  be necessary  i n  o r d e r  t o  compensate f o r  changes i n  charge s i z e  and 
cond i t i on  of t h e  t h o r i a  charge.  
To i d e n t i f y  t h e  cond i t i on  requi red  f o r  a  des i r ed  t h o r i a  feed rate of 
1.9 gram pe r  hour, 30 one-hour c a l i b r a t i o n  runs, were made. It was a sce r t a ined  
t h a t  a  n e a r l y  cons t an t  t h o r i a  feed r a t e  of 1.9 grams per  hour could be obtained 
w i t h  (1) a  condit ioned charge of 110 grams of t h o r i a ,  (2) a hydrogen gas flow 
r a t e  of 5 l i t e r s  per  minute,  and (3) an  a d d i t i o n a l  5 l i t e r s  per  minute injected 
a t  t h e  bottom of  t h e  t h o r i a  bed. 
For t h e  1.9 gram per  hour t h o r i a  feed r a t e ,  a  small-bore 4 7 - m i l  (0,119 
cm) I D  t r a n s p o r t  tube was s a t i s f a c t o r y .  However, i n  c a l i b r a t i n g  t h e  feeder for 
a feed r a t e  of 4 grams per  hour,  plugging of a  47-mil (0.119 cm) t r a n s p o r t  tube 
was found t o  be a  problem. A 63-mil (0.16 cm) I D  t r a n s p o r t  tube was s u b s t i t u t e d  
t o  avoid the  plugging and, wi th  t h e  l a r g e r  bore t r a n s p o r t  tube,  i t  was e s t a ~ l i s h e d  
t h a t  n e a r l y  t h e  same hydrogen gas flow r a t e s  used wi th  t h e  sma l l e r  bore transport 
were requi red  f o r  a  4 gram-per-hour t h o r i a  feed r a t e .  However, a t  the  h igher  
feed r a t e ,  t he  amount of t h o r i a  fed from a precondit ioned 150- gram charge 
decreased gradual ly  wi th  use.  To compensate f o r  t he  decreas ing  d e l i v e r y  r a t e  
the hydrogen gas flow r a t e  through t h e  bed of chromium was he ld  cons tan t  a t  5  
I l s e r s  p e r  minute, whi le  t he  5- l i te r -per -minute  flow r a t e  i n j e c t e d  i n t o  the  
t h o r l a  was increased  0.2 l i t e r  per  minute on a n  hour ly  b a s i s .  This procedure 
was defined i n  t h e  c a l i b r a t i o n  work. 
P repa ra t ion  of Powders f o r  Consol idat ion 
and Mechanical-Property Measurement 
The f i n a l  modi f ica t ion  of t h e  C r I  -helium i n j e c t i o n  nozzle ,  shown i n  2 
F i g u r e  7 ,  was used t o  prepare 250 grams of pure chromium powder, 177 grams of 
chrmir~m-1.41 v /o  Tho 133 grams of chromium-2.35 v /o  Th02, and 232 grams of 2  ' 
ci-rrmiurs? 2,60-v/o Tho2 i n  runs numbered 27180-41-10 through 27180-61-13 (Table 
1)- Vacuum-*fusion and spec t rographic  ana lyses  were obtained f o r  t h e  pure 
chrorni~in~ powder, whi le  t h e  chromiurn/Th0 powders were analyzed only f o r  t h o r i a .  2  
The r e s u l t s  of t h e  ana lyses  of t h e  pure chromium powder i nd ica t ed  t h a t  
the purity was c o n s i s t e n t  w i th  t h e  p u r i t y  of chromium powder prepared dur ing  t h e  
previous r e sea rch  program(1). Spectrographic ana lyses  i nd ica t ed  t h e  presence of 
only  traces of i r o n  (< 100 ppm), s i l i c o n  (< 100 ppm), and copper (< 50 ppm). Other 
metallic contaminants were sought ,  bu t  no t  de t ec t ed .  Vacuum-fusion ana lyses  of a  
sample  af chromium powder, contained i n  a  he l ium- f i l l ed  t i n  capsule  t o  avoid 
exposure t o  a i r  on loading i n  t h e  vacuum-fusion appara tus ,  i nd i ca t ed  oxygen and 
n i t rogen contaminat ion t o  be 830 pprn and < 40 ppm, r e spec t ive ly .  The 830 pprn of 
oxygen i s  c o n s i s t e n t  w i th  oxygen contamination (> 320 ppm bu t  < 1145 ppm) obtained 
in pur'e chromium powder prepared dur ing  t h e  previous research  program. However, 
t h e  oxygen content  is g r e a t e r  than  t h e  d e s i r e d  t a r g e t  concen t r a t ion  of < 150 ppm, 
Cont ro l  of t h e  composition wi th  r e spec t  t o  t h o r i a  does not  appear  t o  
be as good as was obtained i n  t h e  previous program w i t h  a smal l  powder-preparation 
unit, T h i s  is  ind ica t ed  by t h e  a n a l y t i c a l  r e s u l t s  i n  Table 2 obtained f o r  t h r e e  
TABLE 2. COMPARISON OF CHEMICAL ANALYSES 
OF POWDER AND ROLLED SHEET 
Powder Analyses 
Run Intended Comp., W t %  V o l %  W t %  w t  % 
No. (a) V / O  T ~ O ~  ~ h 0 ~  ~ h 0 ~  Oxygen (b) Nitrogen (b)  Trace, Wt % (dl 
10 0 0 0.083 < 0.004 < 0.01 Fe, < 0.01 Si, &: 0,005 Cu 
11 2 t o  3 1.95 1.41 - - - - - - - - - - 
Analyses of Rolled Sheet 
Sheet No. (a)  
Origin of 
Analysis 
B a t t e l l e  
B a t t e l l e  
NASA 
B a t t e l l e  
NASA 
B a t t e l l e  
NASA 
Vol % Tho2 Wt Z(b) 
Wt x 
Oxygen Nitrogen ( ~ 1  
- 
(a) The f i r s t  number i n  the  sheet  designation (10, 11, 12, 13) corresponds t o  material 
produced from the  powder run with the  same number. 
(b) Vacuum fus ion ana lys i s  f o r  oxygen and ni t rogen.  
(c) Micro-Kjeldahl ana lys i s  f o r  n i t rogen.  
(d) Spectrographic ana lys i s .  
prepararions of chromium/thoria powder. Here i t  i s  app ropr i a t e  t o  compare ana lyses  
of the powder wi th  those  of the  f i n a l  r o l l e d  s h e e t ,  s i n c e  the re  a r e  some d i f f e r e n c e s .  
A d d i t i a ~ n a l  work would be requi red  t o  i d e n t i f y  t h e  cause of the poor c o n t r o l  of 
composxtion i n  t h e  powder. However, the  composition of the  chromium/thoria 
powder :*?as considered t o  be s a t i s f a c t o r y  f o r  conso l ida t ion  and mechanical-property 
measurements 
The t h r e e  Tho -conta in ing  a l l o y  shee t s  have i n  gene ra l  -- 3 w/o Tho2, o r  2  
-- 2.2 v/o Th02. The NASA analyses  on shee t  were c o n s i s t e n t l y  h igher  than  the  
BattelSe ana lyses .  However, t h e  t r end  i n  i nc reas ing  73-10 content  from Sheets  11 2 
to 13 1s the same f o r  both ana lyses .  The Tho contents  of powders produced on 2 
Runs Li and 1!3 a r e  c o n s i s t e n t  w i t h  t h e  r e s p e c t i v e  ana lyses  on the  r o l l e d  shee t .  
how eve^:, the powder a n a l y s i s  f o r  Run 11 (1.95 w/o) i s  cons iderably  lower than  t h e  
correspondirbg s h e e t  ana lyses  (2.72-3.55 w/o) . The reason f o r  t h i s  discrepancy 
i s  not known, For convenience i n  subsequent d i scuss ion ,  t h e  fol lowing designa- 
t ions  w i l l  be used: 
Sheet  10 - l a  ~ d r e  C r  
Sheet  l l - l b  Cr-2.72 w/o Tho2 
Sheet 12-lb Cr-2.99 w/o Tho2 
Sheet  13-1 
Ail of t h e  powder products  were heated i n  hydrogen f o r  30 hours ( 7 0 0 ~ ~  
0 for the first 20 hours and 750 C f o r  t h e  remaining 10 hours) t o  remove (by 
e ~ ~ a p o r a t i o n  and/or  reduct ion)  r e s i d u a l  C r 1 2  which had been c o l l e c t e d  a long  wi th  
ehe  powder product.  The f i n i s h e d  powders were then t r a n s f e r r e d  t o  he l ium- f i l l ed  
glass anpules f o r  s to rage  p r i o r  t o  t h e  forthcoming conso l ida t ion  by hot  i s o s t a t i c  
p r e s s i n g ,  
Fewer powder compositions than  were i n i t i a l l y  planned have been made i n  
t h i s  program because problems i n  "scaling-up" the  powder prepara t ion  u n i t  were 
more ex t ens ive  than  a n t i c i p a t e d .  
POWDER CONSOLIDATION AND HOT ROLLING 
Consol idat ion of Chromium and Cr-Tho Powder 
2 
A r ec t angu la r  d i e  was designed and f a b r i c a t e d  from a i r -ha rden ing  tool 
s t e e l  f o r  t h e  co ld  p re s s ing  of Cr-Tho powder i n t o  b i l l e t s  p r i o r  t o  final 2 
d e n s i f i c a t i o n  by HIP. With appropr i a t e  shims and p l a t ens ,  t he  d i e  (shown in 
Figure  9) can  be used t o  f a b r i c a t e  s e v e r a l  d i f f e r e n t  s i z e s  of b i l l e t s  d ic ta t . ed  
by t h e  a v a i l a b l e  amounts of Cr-Tho2 powder. 
I n  o rde r  t o  avoid oxygen and n i t r o g e n  contamination of t he  chromitim and 
Cr-Tho2 powders by a i r ,  a l l  p rocess ing  s t e p s  involv ing  handl ing of the  powders 
o r  green-pressed b i l l e t s  were c a r r i e d  out  under a  p r o t e c t i v e  argon atmosphere, 
Each l o t  of powder was weighed be fo re  loading i t  i n t o  t h e  p re s s ing  d i e ,  The d i e  
was assembled, s ea l ed  w i t h  rubber  diaphragms, and removed from t h e  dry  box, 
Removal of t h e  argon atmosphere from t h e  d i e  c a v i t y  p r i o r  t o  press ing  was carried 
o u t  by evacuat ion through a  hypodermic needle  i n s e r t e d  i n t o  one of t he  rubber 
diaphragms. The e n t i r e  d i e  assembly was then  i e a l e d  i n  a  rubber  bladder  and 
h y d r o s t a t i c a l l y  pressed t o  conso l ida t e  t h e  powder f i l l .  A f t e r  clean-up and 
removal of t h e  rubber bladder ,  t h e  s ea l ed  d i e  assembly was re turned  t o  the pro- 
t e c t i v e  argon atmosphere where i t  was disassembled and t h e  green-pressed b F l l e t  
removed and placed i n  a  c l o s e l y  f i t t i n g  tantalum can l i n e d  w i t h  0.001-tn, (8,00254 
cm) t h i c k  tungs ten  f o i l  t o  a c t  as a  d i f f u s i o n  b a r r i e r  between t h e  chromium and 
tantalum during HIP. A summary of t he  h y d r o s t a t i c  pressures  used t o  green press  
s i x  b i l l e t s  appears  i n  Table 3,  a long  wi th  t h e  powder weights  and compositions,  
L The 30,000 p s i  (207 M N / ~  ) used t o  compact B i l l e t  No. 10-1 proved t o  be in-  
adequate  i n  t e r n s  of t h e  green s t r e n g t h  achieved,  because cons iderable  cracking 
and delaminat ion occurred dur ing  removal of t h i s  compact from t h e  d i e ,  The 
FIGURE 9. DIE FOR HYDROSTATIC PRESSING OF Cr-Tho2 POWDER 
TABLE 3 .  SUMMARY OF PRE-CONSOLIDATION PARAMETERS 
.- 
Hydros ta t ic  
B i l l e t  Powder 
Number Compos it ion  Weight, g 
10- 1 Pure C r  129.3 30,000 207 
10-2 Pure C r  129.3 50,000 345 
L 
remainder of t h e  specimens were compacted a t  50,000 p s i  (345 M N / ~  ) and success- 
f u l l y  e x t r a c t e d  from the  d i e  and placed i n  t h e  tantalum cans. 
Each tantalum- and tungsten-clad (but n o t  s ea l ed )  specimen was then 
0 
vacuum outgassed a t  816 C one hour t o  remove any t r a c e s  of C r 1 2  which migh t  have 
remained from the CVD powder-preparation process .  Because of the  c l o s e  proximity 
of t h e  chromium and Cr-Tho3 compacts t o  the  weklment, i t  was found t h a t  the 
- 
tantalum c ladding  could n o t  be sea l ed  by welding. The c l a d  b i l l e t s  were there- 
f o r e  over-clad f i r s t  w i th  s t a i n l e s s  s t e e l  and then w i t h  mild s t e e l  a s  added pro- 
t e c t i o n  a g a i n s t  leakage during HIP. Both t h e  s t a i n l e s s  and mi ld - s t ee l - c l ad  
- 5 -3 2 l a y e r s  were sea l ed  under a vacuum of approximately 10 t o r r  (1.33 x 10 K & m  ) 
by electron-beam welding. Each s e a l  was l e a k  checked by p re s su r i z ing  t h e  
2 
specimens t o  400 p s i  (2.8 MN/m ) i n  helium. No leaks  were de tec ted  e i t h e r  by 
submersion i n  a l c o h o l  o r  by " sn i f f ing"  wi th  a helium mass spectrometer  l eak  
d e t e c t o r ,  
A l l  s i x  of t h e  b i l l e t s  were dens i f i ed  a t  one time by HIP f o r  two 
2 hours a t  1 0 9 3 ' ~  and 10,000 p s i  (69 M N / ~  ) i n  helium. Removal of the  e l ad  layers 
a f t e r  NIP was begun by leaching  away the  mild s t e e l  i n  hot  n i t r i c  a c i d ,  The 
stainless s t e e l ,  tantalum, and tungs ten  l a y e r s  were then  ground and peeled away 
from t ' ne  b i l l e t s  which could now be s a f e l y  exposed t o  t he  a i r .  The s u r f a c e s  
were ground f l a t  and p a r a l l e l  p repara tory  t o  s u r f a c e  r e p l i c a t i o n  and recladding 
f o r  r o l l i n g ,  
All of t h e  b i l l e t s  were inspec ted  a f t e r  g r ind ing  by t h e  Zyglo technique,  
Surface and edge c racks  were revealed i n  a l l  of t h e  b i l l e t s  wi th  the  except ion 
of the  t w o  smal l  p ieces  c u t  from B i l l e t  No. 11-1. B i l l e t s  Nos. 10-2 and 13-2 
w e r e  p a r t i c u l a r l y  bad, 10-2 having a network of l a r g e  c racks ,  poss ib ly  from the  
decladding opera t ion ;  and 13-2 having a n  ex tens ive  network of smal l  s u r f a c e  and 
edge c racks ,  poss ib ly  r e s u l t i n g  from t h e  gr inding  opera t ion .  Enough c rack - f r ee  
areas were present  i n  t h e  remaining b i l l e t s  (Nos. 10-1, 12-1, and 13-1) t o  permit 
t h e i r  being sec t ioned  i n t o  e i t h e r  one o r  two sma l l e r  specimens which could s t i l l  
be used f o r  r o l l i n g  experiments.  The compositions and s i z e s  of t h e  specimens 
su i t abLe  fox- r o l l i n g  a r e  summarized i n  Table 4. Each of t h e s e  b i l l e t s  was 
Z y g l ~ - ~ n s p e c t e d  a f t e r  s ec t ion ing  and only minimal edge c racking  was revealed.  
Inc luded  i n  Table 4 a r e  t h e  d e n s i t i e s  achieved6af te r  HIP. The Tho2-containing 
ailoys a11 had d e n s i t i e s  i n  excess  of 98%. However, t h e  pure chromium was only about  
90"1,dense, The reason f o r  t h i s  l a c k  of d e n s i f i c a t i o n  i s  n o t  known. 
S t r u c t u r e  of Hot I s o s t a t i c a l l y  Pressed Alloys 
A.fter ho t  i s o s t a t i c  press ing ,  smal l  pieces were sec t ioned  from s e v e r a l  
b i l l e t s  and t he se  were me ta l log raph ica l ly  prepared and examined by o p t i c a l  
microscopy and r e p l i c a  e l e c t r o n  microscopy. Figures  10 and 11 show the  micro- 
structures as observed by o p t i c a l  and r e p l i c a  e l e c t r o n  microscopy r e spec t ive ly .  
I n  t h e  three Tho -conta in ing  a l l o y s  i t  appears  t h a t  most of t he  Tho p a r t i c l e s  2 2 
a r e  a t  t he  g ra in  boundaries,  which correspond t o  t h e  su r f aces  of t he  o r i g i n a l  
TA
BL
E 
4.
 
ST
AR
TI
NG
 
D
IN
EN
SI
O
N
S 
OF
 
CH
RO
M
TU
Pf
 A
ND
 C
r-
T
ho
2 
R
IL
LE
TS
 W
HI
CH
 W
ER
E 
HO
T 
RO
LL
ED
 
B
il
le
t 
C
om
po
si
ti
on
 
L
en
gt
h 
,
 
W
id
th
, 
T
hi
ck
ne
ss
 
N
um
be
r 
W
t 
% 
Th
o2
 
in
. 
cm
 .
 
in
. 
cm
 .
 
in
, 
cm
. 
g /
cm
 3 
% 
o
f 
T
he
or
et
ic
al
 
10
- l
a 
P
ur
e 
C
r 
1.
57
 
4.
00
 
1.
00
 
2.
53
 
0.
20
 
0.
51
 
6.
49
 
90
.2
 
10
-l
b 
P
ur
e 
Cr
 
1.
60
 
4.
06
 
1.
05
 
2.
65
 
0.
20
 
0.
51
 
6,
49
 
90
.2
 
(a
) 
Sp
ec
im
en
 v
o
lu
m
e 
de
te
rm
in
ed
 b
y 
bu
oy
an
cy
 
in
 c
a
rb
on
 t
e
tr
a
c
h
lo
ri
d
e.
 
(a) P u r e  Cr  ( B i l l e t  1 0 - l a )  (b) Cr -2 .72  w / o  Tho2 ( B i l l e t  11-1b)  
(c! Cr-2,99 w / o  Tho2 ( B i l l e t  1 2 - l b )  
FIGURE 10 .  OPTICAL MICROGE 
C r  AND Cr-Tho2 
UPH 
ALL 
(d)  Cr-3.12 w / o  Tho2 ( B i l l e t  13-1) 
.S OF HOT ISOSTATICALLY PRESSED 
,OYS,ALL 1 0 0 0  X. 
(a) Cr -2 .72  w / o  Tho2, 
( B i l l e t  1 1 - l b )  
(b) Cr-2.99 w l o  ThO 
( B i l l e t  12-Lb) 2 
(c) Cr-3.12 w l o  The2 
( B i l l e t  13-1) 
FIGURE 11. REPLICA ELECTRON MICROGRAPHS OF HOT ISOSnATICALLY 
PRESSED Cr-Tho2 ALLOYS, ALL 4000X. 
chromium c r y s t a l s .  Some agglomeration of t he  Tho p a r t i c l e s  i s  ev ident  but  i t  2  
i s  not possible t o  say whether o r  not  t he  p a r t i c l e s  a r e  s i n t e r e d  toge the r .  
Figure bOa shows t h a t  t he  pure chromium contained po ros i ty ,  which was expected from 
the low dens i ty  (90.2% of t h e o r e t i c a l ) .  The pure chromium a l s o  contained a  number 
of p a r ~ l c l e s  presumed t o  be C r  0  In  view of i t s  oxygen con ten t  (830 ppm) 2  3'  
t h i s  was t o  h e  expected. These Cr203 p a r t i c l e s  were about 1 t o  3  p m i n  diameter .  
Each of  t h e  t h r e e  Cr-Tho a l l o y s  a l s o  conta in  C r  0  and t h e s e  a r e  probably the  2  2  3' 
larger p a r t i c l e s  i n  Figures  10 and 11. 
Hot R o l l i n g  
I n i t i a l  r o l l i n g  experiments were performed on B i l l e t s  10-lb (pure 
ckromiirrband 11- la  (Cr-2.72 w/o Tho2), which a r e  descr ibed i n  Table 4. These 
billets were encapsulated i n  molybdenum shea th ing ,  c o n s i s t i n g  of a  112 i n .  
(1,2; cn) wide frame wi th  0.090 i n .  (0.229 cm) t h i c k  shee t  covering t h e  b i l l e t  
faces,  Hot r o l l i n g  was s t a r t e d  a t  1 1 0 0 ~ ~  and terminated a t  7 0 0 ~ ~ .  The r o l l i n g  
reductzons were 10% per  pass throughout and th4  temperature was g radua l ly  reduced 
as r o l l i n g  proceeded. The t o t a l  reduct ion  of t he  chromium and Cr-Tho2 b i l l e t s  
was from - 0,2 i n .  (N 0.51 cm) t o  0.055 i n .  (0.14 cm) . When t h e  shee t s  were 
decanned i t  was found t h a t  they were badly cracked throughout.  Successfu l  
r o l l i n g  of t h e  remaining b i l l e t s  was achieved by us ing  a  mild s t e e l  can i n  p lace  
of the ~nolybdenum. A molybdenum f o i l  was placed between the  b i l l e t s  and t h e  
m i l d  s t e e l  t o  a c t  a s  a  b a r r i e r  t o  d i f f u s i o n  of n i t rogen  and carbon from the  
steel, The r o l l i n g  procedure was the  same a s  t h a t  above, w i th  the  f i n a l  s h e e t  
thickness being 0.026 i n .  t o  0.033 i n .  (0.066 cm t o  0.084 cm). The r e s u l t s  of 
the sheet  r o l l i n g  a r e  g iven  i n  Table 5. Enough m a t e r i a l  was provided f o r  t h e  
evaluation of mechanical p r o p e r t i e s ,  thermal s t a b i l i t y ,  and f o r  l imi t ed  oxida t ion  
TABLE 5 ,  RESULTS OF CHROMIUM AND Cr-Tho2 SHEET ROLLING 
Sheet 
Rolled Dimensions 
Length Width Thickness Sheet 
- 
No. Alloy i n .  cm i n .  cm i n .  cm Condition 
10- la  Pure C r  7.3 18.5 1.3 3.3 0.031 0.079 One large  
flaw 
11-lb Cr-2.72 w/o Tho2 8.9 22.6 1.0 2.5 0.031 0.079 Severa l  edge 
cracks 
12-la  Cr-2.99 w/o Tho2 7.3 18.5 1.0 2.5 0.033 0.084 Numerous 
edge cracks 
12-lb Cr-2.99 w/o Tho2 7.9 20.1 1.3 3.3 0.026 0.066 Excel lent  
13-1 Cr-3.12 w/o Tho2 7.3 18.5 1.0 2.5 0.027 0.058 Excellent  
RESULTS OF EVALUATION 
Micros t ruc ture  
I n  the  a s - r o l l e d  condi t ion ,  t h e  pure qhromium and t h e  t h r e e  Gr-mO? 
a l l o y s  had e s s e n t i a l l y  a  cold-worked plus recovered s t r u c t u r e .  This i s  shown 
i n  Figures 12 and 13 ( o p t i c a l  mic ros t ruc tu res ) ,  14 and 15 ( r e p l i c a  ellectson 
micrographs),  and 16 ( t ransmiss ion  e l e c t r o n  micrographs). A l l  t h r e e  as-rolled 
Tho2-containing a l l o y s  had e s s e n t i a l l y  t h e  same micros t ruc ture .  The o p t i c a l  
micrographs i n  Figure 12 s h m  t h e  pure chromium s t r u c t u r e  on the  shee t  surface, 
on t h e  long i tud ina l  shee t  th ickness ,  and on t h e  t r ansve r se  shee t  th ickness ;  and 
Figure 13 i s  a  s i m i l a r  s e r i e s  f o r  t he  Cr-2.72 w/o Tho ma te r i a l .  In both  cases 2 
t h e  g ra in  s t r u c t u r e  is elongated i n  t h e  r o l l i n g  d i r e c t i o n ,  and i t  appears t h a t  
t h e  pure chromium gra in  s t r u c t u r e  i s  somewhat coa r se r  than t h a t  of the Cr-Tho2 
a l l o y s .  
The Cr203 p a r t i c l e s  i n  t h e  pure chromium and the  Tho2 (and Cr20S) 
p a r t i c l e s  i n  t h e  Cr-Tho2 a l l o y s  a r e  s t r u n g  ou t  i n  t h e  r o l l i n g  d i r e c t i o n ,  
(a)  Sheet sur face ,  r o l l i n g  
d i r e c t i o n  is  h o r i z o n t a l  
(b) Longitudinal  shee t  t h i ck -  
ness  ( p a r a l l e l  t o  r o l l i n g  
d i r e c t i o n )  
(c) Transverse shee t  t h i ck -  
ness  (normal t o  r o l l i n g  
d i r e c t i o n )  
FIGURE 1 2 .  OPTICAL MICROGRAPHS OF AS-ROLLED PURE CHROMIUM (SHEET 10- l a )  ; 
ALL 500 X.  
Shee t  s u r f a c e ,  roiling 
d i r e c t i o n  i s  horizontal 
L o n g i t u d i n a l  sheet  
t h i c k n e s s  (parallel 
t o  r o l l i n g  d i r e c t i o n )  
Transverse  sheet  thick- 
n e s s  (normal t o  rolling 
d i r e c t i o n )  
FIGURE 13. OPTICAL MICROGRAPHS OF AS-ROLLED Cr-2.72 w/o Tho2 (SHEET 11-Bb);  
ALL 500 X.  THESE ARE TYPICAL OF THE OTHER TWO Cr-Tho2 ALLOYS 
AS WELL. 
I7JB;lURE 14. M P L I C A  ELECTRON MICROGRAPH O F  AS-ROLLED PURE CHROMIUM 
(SHEET 10-la) ON THE SHEET SURFACE, SHOWING C r 2 0 g  
PARTICLES, 4000 X. 
Shee t  s u r f a c e ,  r o l l i n g  
d i r e c t i o n  i s  n e a r l y  
h o r i z o n t a l  
L o n g i t u d i n a l  sheet thick- 
n e s s  (parallel t o  rolling 
d i r e c t  ion)  
Transverse  sheet t h i cg -  
n e s s  (normal t o  r o l l i n g  
d i r e c t i o n )  
FIGURE 15.  REPLICA ELECTRON MICROGRAPHS OF AS-ROLLED Cr-3.12 w/o Tho 
(SHEET 13-1) : ALL 10,000X. THESE ARE TYPICAL OF THE WHE& 
TWO Cr-Tho2 ALLOYS AS WELL. 
(a) P u r e  C r  ( S h e e t  1 0 - l a )  
(b) Cr-2.72 w / o  Tho2 ( S h e e t  1 1 - l b )  
FIGURE 1 6 .  TRANSMISSION ELECTRON MICROGRAPHS OF AS-ROLLED 
CHROMIUM AND Cr-Tho2 ALLOYS, ALL 30,000X. 
(c) Cr-2.99 w/o Tho2 (Sheet 12- lb)  
(d)  Cr-3.12 wlo  Tho2 (Sheet  13-1) 
FIGURE 16.  (Continued) . 
Figure 13a (sheet  surface)  shows t h a t  the  p a r t i c l e  d i s t r i b u t i o n  i s  not uniform, 
This 5s b e t t e r  i l l u s t r a t e d  by r e p l i c a  e l e c t r o n  micrographs i n  Figure 15. 
Figure 14 shows d e t a i l s  of the  C r  0  p a r t i c l e s  i n  pure chromium and Figure 15 2  3  
illustrates t h r e e  views t y p i c a l  of the  Cr-Tho2 a l l o y s .  The s t r i n g i n g  out of 
p a r t ~ c l e s  p a r a l l e l  t o  the  r o l l i n g  helped make the  d ispers ion  more uniform, 
c m ~ a r e d  with t h a t  of the  hot  i s o s t a t i c a l l y  pressed b i l l e t s  (Figure 15 compared 
w i t h  F i g u r e  11). However, the  p a r t i c l e  d i s t r i b u t i o n  i s  not  a s  uniform a s  t h a t  
i n  c o m e r c i a 1  dispersion-strengthened nickel-base a l l o y s .  
The subs t ruc tu re  of each of the  four a s - ro l l ed  mate r i a l s  i s  seen i n  
the transm-ission e l e c t r o n  micrographs of Figure 16. The thor i a t ed  a l l o y s  o f t en  
had p a r t i c l e s  a t  the  subgrain boundaries. An i n t e r e s t i n g  fea tu re  of Figure 16 
i s  tl?at the subgrain s i z e  of t h e  pure chromium i s  e s s e n t i a l l y  the  same a s  t h a t  
~f t1.e thor i a t ed  a l l o y s  (-- 1.2 p m) . This i s  somewhat s u r p r i s i n g  s ince  the  
optical micrographs i n  Figures 12 and 13 i n d i c a t e  t h a t  the  pure chromium i s  
more recovered than the  thor i a t ed  a l l o y s .  Table 6  l i s t s  the  average subgrain 
s i z e  f o r  each of the  four  a l l o y s  i n  the  a s - ro l l ed  condit ion.  Also l i s t e d  here 
are the subgrain o r  g ra in  s i z e s  of each a l l o y  a f t e r  a  high temperature anneal  
(~200'@, 1 hour); these  r e s u l t s  a r e  discussed l a t e r .  
Recrys ta l l i za t ion  and Thermal S t a b i l i t y  
It i s  we l l  known t h a t  chromium and chromium a l l o y s  genera l ly  have a  
lower DBTT i n  the  as-worked condit ion than a f t e r  a  high temperature exposure 
which causes r e c r y s t a l l i z a t i o n .  For example, heavily drawn pure chromium wire 
0 (4 )  
e x h i b i t e d  some d u c t i l i t y  (1-2% elongation) a t  temperatures a s  low a s  -150 C . 
0 
However, a f t e r  complete r e c r y s t a l l i z a t i o n  a t  950 C ,  such wire had no measurable 
d u c t i l i t y  a t  room temperature. 
TABLE 6. AVERAGE SUBGRAIN OR GRAIN SIZE OF CHROMXUM AND Cr-Tho2 ALLOYS'~ '  
Al loy  Condition Subgrain S i z e ,  p rn 
Pure C r  (Sheet 10- la )  As - r o l l e d  I,, 1 
Cr-2.72 w/o Tho2 (Sheet 11-lb)  I I 1 , , 2  
Cr-2.99 w/o Tho2 (Sheet 12-lb) 
Cr-3.12 w/o Tho2 (Sheet 13-1) 
Pure C r  (Sheet 10-la) Annealed 1 h r ,  1 2 0 0 ~ ~  33.0 @ > 
Cr-2.72 w/o Tho2 (Sheet 11-lb) 
Cr-2.99 w/o Tho2 (Sheet 12-lb)  
Cr-3.12 w/o Thol (Sheet 13-1) 
(a)  I n  each case  the  subgra in  s i z e  i s  t h e  average of  about 50 measurenuents frm 
transmiss ion  e l e c t r o n  micrographs. 
(b) This i s  g r a i n  s i z e  a s  measured from o p t i c a l  micrographs. No subgra ins  were 
evidenced by t ransmiss ion  e l e c t r o n  microscopy. 
I n  t h e  present  work, t h e  r e c r y s t a l l i z a t i o n  behavior  of t h e  p u r e  ehrmi-m 
and Cr-Tho2 a l l o y s  was s tud ied .  I n  add i t i on ,  t he  s t a b i l i t y  of Tho2 par t iebes  
a f t e r  prolonged high temperature annea l ing  (100 hours a t  1316 and 1427"~)  was 
i n v e s t i g a t e d .  The hardness change of a s - r o l l e d  chromium and Cr-Tho2 a l l o y s  as  a 
func t ion  of annea l ing  i s  g iven  i n  Table 7, and these  r e s u l t s  a r e  p l o t t e d  i n  
Figure 17. The a s - r o l l e d  hardness of pure chromium was 135 VHN and t h a t  s f  t h e  
t h r e e  Cr-Tho2 a l l o y s  was 156-167 VHN. The h ighe r  hardness  of t he  thor iaked  a l l o ~ s  
must be a s s o c i a t e d  w i t h  d i s p e r s i o n  s t rengthening ,  s i n c e  the  s u b s t r u c t u r e  s i z e  i s  
t h e  same i n  a l l  four  a l l o y s  ( s ee  F igure  16 and Table 6) .  One hour anneals  a t  
0 800-1200 C i n  p u r i f i e d  argon decreased t h e  hardness  of pure chromium t o  99-96 V-HN, 
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As- Rolled Cr -Tho2 B?UB lays- 
As- Rol led Pure Cr 
o @ Pure Cr 
A r Cr -2.72Tho2 
a @ Cr -29Th02  
Annealing Temperature ,OC 
FIGURE 17 .  EFFECT OF ANNEALING ON ROOM TEMPERATURE HARDNESS OF 
CHROMIUM AND C r - T h o 2  ALLOYS 
Optical microscopy showed t h a t  t hese  annea l ing  t rea tments  were s u f f i c i e n t  t o  com- 
pletely r e c r y s t a l l i z e  t h e  pure chromium. However, t h e  s l i g h t l y  decreased hardness  
0 
of the Cr-Tho2 a l l o y s  a f t e r  one hour  a t  800 C i n d i c a t e s  t h a t  i n  t h i s  case  recovery 
was only beginning. A f t e r  one hour a t  1 2 0 0 ~ ~  t h e hardness  of t he  Cr-Tho2 a l l o y s  
decreased t o  109-115 VHN, Prolonged exposure f o r  100 hours a t  1316 '~  and 1427 '~  
further decreased the  hardness  of  t he  chromium too  ( t o  59-64 VHN), bu t  caused 
only a s l i g h t  a d d i t i o n a l  decrease  i n  hardness of t he  t h o r i a t e d  a l l o y s .  
o 1e.wa.s decided t h a t  a s tandard  annea l  of one hour  a t  1200 C i n  p u r i f i e d  
argon would be given specimens from each m a t e r i a l  f o r  subsequent mechanical 
p r o p e r t y  d e t e m i n a t i o n s .  The mic ros t ruc tu re s  r e s u l t i n g  from t h i s  t rea tment  
are shown i n  F igures  18-20: 
F igure  18, Op t i ca l  micrographs of pure chromium 
Figure 19, Op t i ca l  micrographs of Cr-2.99 w/o Tho2 
Figure 20, Transmission e l e c t r o n  micrographs of a l l  f ou r  ma te r i a l s .  
The optical micrographs of pure cliromium i n  F igure  18 revea l  t h a t  complete 
r e c r y s t a l l i z a t i o n  occurred,  w i th  a r e s u l t i n g  equiaxed g r a i n  s i z e  of 33 p m 
(Table  6), Very l i t t l e  d i s l o c a t i o n  s u b s t r u c t u r e  was present  a s  shown i n  t h e  
transmiiss ion e l e c t r o n  micrograph i n  F igure  20a. However, t h e  t h o r i a  ted  a l l o y s  
0 d i d  n o t  r e c r y s t a l l i z e  a f t e r  t h e  one hour annea l  a t  1200 C ,  a s  seen  i n  F igure  19. 
Tne structure coarsened somewhat compared wi th  the  a s - r o l l e d  mic ros t ruc tu re  
{ cmpare  Figures  13 and 19). The t ransmiss ion  e l e c t r o n  micrographs i n  F igure  20b, 
c ,  and d i n d i c a t e  t h a t  t he  annea l ing  caused a d d i t i o n a l  recovery of t h e  t h o r i a t e d  
alloys (csnlpare w i th  Figure 16 ) ,  and t h e  subgra in  s i z e  increased  t o  2.1 t o  2.4 p, m. 
Figures 20c a n d d  show s e v e r a l  examples where boundaries a r e  being he ld  up by 
%OZ particles. A comparison of Figures  20 and 16 i n d i c a t e s  t h a t  t h e  one hour 
anneal a t  1 . 2 0 0 ~ ~  d id  no t  measurably coarsen t h e  Tho2 p a r t i c l e s .  The t h r e e  
annealed t h o r i a t e d  a l l o y s  g e n e r a l l y  had very  few d i s l o c a t i o n s  wi th in  t h e  
(a )  Sheet su r f ace ,  r o l l i n g  d i r e c t i o n  i s  h o r i z o n t a l  
(b) Longitudinal  s h e e t  th ickness ,  r o l l i n g  d i r e c t i o n  
is  h o r i z o n t a l  
FIGURE 18. OPTICAL MICROGRAPHS OF PURE CHROMIUM (SHEET 10-la)  
AFTER ANNEALING FOR ONE HOUR AT 1200°c, 200 X. 
(a)  Sheet su r f ace ,  r o l l i n g  d i r e c t i o n  is  h o r i z o n t a l  
(b) Longi tudina l  s h e e t  th ickness ,  r o l l i n g  d i r e c t i o n  
is  hor izonta  1 
FIGURE 19. OPTICAL MICROGRAPHS OF Cr-2.99 w/o Tho (SHEET 12-lb) 
AFTER ANNEALING FOR ONE HOUR AT 1 . 2 0 0 0 ~ ~  500X. THE 
OTHER TWO THORIATED ALLOYS HAD SIMILAR STRUCTURES. 
(a) Pure  Chromium (Sheet 10- la )  
(b) Cr-2.72 w/o Tho2 (Sheet  11- lb )  
FIGURE 20. TRANSMISSION ELECTRON MICROGRAPHS OF CHROMIUM AND 
Cr-Tho2 ALLOYS AFTER ANNEALING ONE HOUR AT 12000C, 
ALL 30,000 X. 
(c) Cr-2.99 w/o Tho2 (Sheet  12- lb)  
(d) Cr-3.12 w/o Tho2 (Sheet  13-1) 
FIGURE 20. Continued. 
subboundaries.  Figure 21 shows one example where ind iv idua l  d i s l o c a t i o n s  were 
observed i n  a  reg ion  away from boundaries.  Here i t  i s  ev ident  t h a t  t h e  '6110 2 
p a r t i c l e s  have s t r o n g l y  pinned t h e  d i s l o c a t i o n s .  
Prolonged annea l ing  f o r  100 hours a t  1316 '~  and 1427'6 coarsened the 
equiaxed g r a i n  s i z e  of t h e  pure chromium t o  -- 90 p m  f o r  both temperatures .  
However, the  same treatments  d id  not  produce an  equiaxed r e c r y s t a l l i z e d  gra in  
s t r u c t u r e  i n  t h e  t h r e e  t h o r i a t e d  a l l o y s .  In s t ead ,  an elongated g r a i n  s t r ~ c t u c e  
r e s u l t e d ,  which i s  reminiscent  of r e c r y s t a l l i z e d  doped tungs ten  and r e c r y s t a l l i z e t  
TD Nickel and TD Nickel-Chromium. This i s  i l l u s t r a t e d  i n  Figure 2 2 ,  
f o r  t h e  Cr-2.72 w/o Tho2 (Sheet 11-lb)  a l l o y  annealed f o r  100 hours a t  1 4 2 7 ' ~ .  
The r e p l i c a  e l e c t r o n  micrograph i n  Figure 23a shows Tho p a r t i c l e s  of the  Cr-3-12  2  
w/o Tho2 a l l o y  (Sheet 13-1) a f t e r  t h e  specimen had been annealed for  I00 hours a t  
1427'~. Comparison of t h i s  micrograph wi th  t h e  same m a t e r i a l  i n  the as-rolled 
cond i t i on  (Figure 23b) i n d i c a t e s  t h a t  t h e  long-time high-temperature annesl  d i d  
FIGURE 21. Cr-3.12 w/o Tho2 ANNEALED ONE HOUR AT l20o0c, SIICPWmC 
DISLOCATIONS PINNED BY Tho2 PARTICLES, 30,000X, 
( a )  Sheet su r f ace ,  r o l l i n g  d i r e c t i o n  
i s  h o r i z o n t a l  
(b) Longitudinal  shee t  th ickness ,  
r o l l i n g  d i r e c t i o n  i s  h o r i z o n t a l  
FIGURE 22. OPTICAL MICROGRAPHS Cr-2.72 w/o Tho2 (SHEET 11-lb) 
AFTER ANNEALING 100 HOURS AT 1427O~,  200X. 
(a) A n n e a l e d  100 hours ,  1 4 2 7 ' ~  
(b) A s - r o l l e d  
IRE 2 3 .  REPLICA ELECTRON MICROGRAWS OF C r - 3 . 1 2  w / o  Thog 
(SHEET 13-1) TAKEN ON 'IHE LONGITUDINAL SHEET 
THICKNESS SURFACE, 4 0 0 0 X .  
not s i g a i f i c a n t l y  coarsen t h e  p a r t i c l e s .  It i s  probable t h a t  t h e  l a r g e r  p a r t i c l e s  
i n  botkl nicrographs a r e  C r  0  2 3 "  
D u c t i l e - t o - B r i t t  l e  T rans i t i on  (DBTT) 
The t e n s i l e  DBTT was determined f o r  t h e  pure chromium and t h e  t h r e e  
t n o r i - a t e d  al.l~oys i n  t he  a s - r o l l e d  cond i t i on  and a f t e r  annea l ing  f o r  one hour a t  
1230'~~ Tens i l e  specimens, having the  dimensions i n  Figure 24, were c u t  from 
the varrous s h e e t s  by e l e c t r i c a l  d i scharge  machining. A l l  specimens were t e s t e d  
-4 -1 i n  an Lzlstron Tes t ing  Machine a t  a  s t r a i n  r a t e  of 1.7 x 10 s e c  . The specimens 
were e!mped i n  s p l i t  s e r r a t e d  g r ip s .  In  o rde r  t o  minimize s t r e s s  concent ra t ions  
i n  the s h o u ~ d e ~ s  due t o  t h e  s e r r a t e d  edges , th in  f o i l s  of copper were cemented wi th  
Ssuereisen to t h e  specimen shoulders .  This allowed t i g h t  clamping of t h e  specimens 
w i t h o u t  damage t o  the  shoulders ,  and i n  subsequent t e s t i n g  a l l  specimens f a i l e d  
iff the gage length .  P r i o r  t o  t e s t i n g ,  a l l  specimens were e l ec t ropo l i shed  i n  90% 
g l a c i a l  a ce t i c  acid--10% p e r c h l o r i c  a c i d  a t  about  0%. 
-- I ern 
FIGURE 24. DESIGN OF CHROMIUM AND Cr-Tho2 TENSILE SPECIMENS. 
The mechanical property r e s u l t s  f o r  the  fou r  m a t e r i a l s  i n  t he  as-rolled 
cond i t i on  a r e  l i s t e d  i n  Table 8. P l o t s  of p e r t i n e n t  d u c t i l i t y  and s t r e n g t h  
va lues  a s  a  func t ion  of  t e s t  temperature a r e  shown i n  F igures  25-27. Similarly, 
Table 9 p re sen t s  r e s u l t s  f o r  t h e  a l l o y s  t e s t e d  a f t e r  annea l ing  one hour a t  
1200°c, and Figures  28-30 i l l u s t r a t e  corresponding p l o t s  of d u c t i l i t y  and 
s t r e n g t h  ve r sus  t e s t  temperature.  
The d u c t i l i t y  ve r sus  t e s t  temperature p l o t s  i n  Figure 25 show that i n  
t h e  a s - r o l l e d  cond i t i on  t h e  Cr-Tho a l l o y s  a r e  cons iderably  more d u c t i l e  than 2 
pure chromium. The DBTT va lues  from both e longat ion  and reduct ion  i n  area results 
0 
a r e  15  C f o r  t h e  Cr-Tho2 a l l o y s  and 1 4 0 ' ~  f o r  pure chromium. These va lues  represent 
t h e  temperature corresponding t o  t h e  po in t  where t h e  p l o t s  were ex t r apo la t ed  t o  
0% d u c t i l i t y .  The temperatures corresponding t o  a  d u c t i l i t y  of 5% e longat ion  are 
20°c and 1 7 5 ' ~  f o r  Cr-Tho2 a l l o y s  and pure chromium, r e spec t ive ly .  A t  temperatures 
above t h e  DBTT, t h e  t o t a l  e longat ions  ranged from 6.9 t o  10.8% f o r  the  Cr-Th02 
a l l o y s  and 7.4 t o  7.9% f o r  t h e  pure chromium. However, corresponding reduction- 
i n - a rea  va lues  were much h ighe r ,  ranging from 1'4.6 t o  26.9% f o r  the  Cr-Tho2 
m a t e r i a l s  and 21.6 t o  22.8% f o r  pure chromium. 
The t r u e  f r a c t u r e  s t r e s s ,  Of ( load a t  f r a c t u r e  d iv ided  by cross- 
s e c t i o n a l  a r e a  a t  f r a c t u r e ) ,  i s  p l o t t e d  i n  Figure 26a a s  a  func t ion  of test 
temperature.  A s  i s  t y p i c a l  w i th  many BCC me ta l s ,  t he  t r u e  f r a c t u r e  s t r e s s  at. the  
DBTT i s  h igh  when t h e  m a t e r i a l s  a r e  d u c t i l e  and lower when b r i t t l e .  However, 
t h e r e  i s  a  s t r o n g  temperature dependence of both t h e  d u c t i l e  and b r i t t l e  fracture 
s t r e s s ,  a decreas ing  wi th  inc reas ing  temperature i n  both cases .  The b r i t t l e  f  
f r a c t u r e  s t r e s s  p l o t  f o r  t h e  Cr-Tho2 a l l o y s  merges wi th  t h e  p l o t  f o r  pure chrmium, 
Simi l a r ly ,  when ex t r apo la t ed  t o  h ighe r  temperatures ,  t h e  d u c t i l e  f r a c t u r e  s tress 
of  t h e  Cr-Tho2 a l l o y s  would merge wi th  t h a t  of pure C r .  Thus a t  a  given tempera- 
t u r e ,  t h e r e  appears  t o  be very l i t t l e  d i f f e r e n c e  between of ( b r i t t l e  o r  ductile) 
f o r  Cr-Tho2 and pure chromium. Yet t h e  t e n s i l e  DBTT va lues  d i f f e r  by 125'~. 
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Test Temperature ,OC 
FIGURE 25. TENSILE DUCTILE-TO-BRITTLE TRANSITION OF 
AS-ROLLED CHROMIUM AND Cr-Tho2 ALLOYS 
I 
.& Cr - 2.72Th02 
II Cr - 2.99 Tho2 
r Cr- 3.12 Tho2 
Test Temperature, O C  
FIGURE 2 6 .  TENSILE PROPORTIONAL LIMIT, UPPER YIELD STRENGTH AND 
TRUE FRACTURE STRESS OF AS-ROLLED CHROMIUM AND 
Cr-Tho2 ALLOYS AS A FUNCTION OF TEST TEMPERATURE. 
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FIGURE 27 .  TENSILE YIELD STRESS, BRITTLE FRACTURE STRESS AND 
ULTIMATE TENSILE STRENGTH OF AS-ROLLED CHROMIUM 
AND Cr-Tho2 ALLOYS AS A FUNCTION OF TEST TEMPERhhTUm 
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@ Pure Cr 
A 0-2.72 Tho2 
Cr-2.99 Tho2 
V Cr-3.12 Tho2 
Test Temperature, OC 
FIGURE 28. TENSILE DUCTILE-TO-BRITTLE TRANSITION OF ANNEALED 
(1 HR, 1 2 0 0 ~ ~ )  CHROMIUM AND Cr-Tho2 ALLOYS 
r Cr - 2.72 Tho2 
r Gr-3.12 Tho2  
Test Temperature, O C  
FIGURE 2 9 .  T E N S I L E  PROPORTIONAL L I M I T  AND TRUE FRACTURE STRESS 
OF ANNEALED (1 HR, 1 2 0 0 ~ ~ )  CHROMIUM AND C r - T h o 2  
ALLOYS AS A FUNCTION OF TEST TEMPERATURE 
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FIGURE 30. TENSILE YIELD STRESS, BRITTLE FRACTURE STRESS, AND 
ULTIMATE STRENGTH OF ANNEALED (1 HR, 1 2 0 0 ~ ~ )  CNROMIUK 
AND Cr-Tho2 ALLOYS AS A FUNCTION OF TEST T m P E M T U m  
The a s - r o l l e d  Cr-Tho2 a l l o y s  showed no y i e l d  point;and pure chromium 
e x h i b i t e d  a y i e l d  drop only a t  T  y 1 9 5 ° ~ .  The upper y i e l d  s t r e s s  of pure 
c h r m i u m  i s  approximately t h e  same a s  t h e  p ropor t iona l  l i m i t  of t he  Cr-Tho 2  
alloys, as  seen  i n  Figure 26b. Over the  temperature range 25 t o  1 9 5 ' ~  t h e  
p ropor t iona l  l i m i t  of t he  Cr-Tho2 a l l o y  i s  independent of temperature,  and the  
skress levels a r e  somewhat h ighe r  than  t h e  p ropor t iona l  l i m i t  of pure chromium, 
indicating some d i spe r s ion  s t r eng then ing  by t h e  Tho2 p a r t i c l e s .  
Figures  27a and b  i l l u s t r a t e  how t h e  u l t i m a t e  s t r e n g t h  and y i e l d  
strengtih, r e s p e c t i v e l y ,  of t h e  m a t e r i a l s  vary  wi th  t e s t  temperature.  Both 
yield and u l t ima te  s t r e n g t h s  of t h e  t h o r i a t e d  chromium a r e  somewhat h igher  
than corresponding va lues  f o r  pure chromium. Also p l o t t e d  i n  Figure 27b a r e  
values of the  b r i t t l e  f r a c t u r e  s t r e s s  (open poin ts ) .  These va lues  l i e  s l i g h t l y  
below the  y i e l d  s t r e n g t h  a t  any temperature,  bu t  have e s s e n t i a l l y  t h e  same 
tsmparature dependence a s  t h e  y i e l d  s t r e n g t h .  This i s  evidence f o r  t h e  occurrence 
of s l ip - induced  b r i t t l e  c leavage,  which i s  o f t e n  observed i n  o t h e r  BCC metals  
below the DBTT. 
The deformation and f r a c t u r e  behavior  of pure chromium and t h e  Cr-Tho2 
0 
alloys after anneal ing f o r  one hour  a t  1200 C had t h e  same gene ra l  
c h a r a c t e r i s t i c s  a s  i n  t h e  a s - r o l l e d  condi t ion .  The DBTT (Figure 28) of 
the Cr-Tho2 a l l o y s  was 50°C and t h e  pure chromium had a  DBTT of 140°c, determined 
by e x t r a p o l a t i o n  t o  0% e longat ion  and reduct ion  i n  a r ea .  The temperatures 
0 
corresponding t o  5% e longat ion  were 5 5 ' ~  and 145 C f o r  t he  Cr-Tho2 a l l o y s  and 
the  p u r e  chromium, r e spec t ive ly .  Compared w i t h  the  a s - r o l l e d  r e s u l t s ,  annea l ing  
f o r  one hour a t  1 2 0 0 ~ ~  increased  the  DBTT of t h e  Cr-Tho2 a l l o y s  by 3 5 O ~ ,  but  
caused no change i n  t h e  DBTT of pure chromium. The l a t t e r  i s  s u r p r i s i n g ,  s i n c e  
normally BCC meta ls  have a  lower DBTT i n  t h e  worked condi t ion  than  a f t e r  re -  
c q s t a l l i z a t i o n .  A t  temperatures above t h e  DBTT t h e  e longat ion  and reduct ion  
in area values  were much g r e a t e r  a f t e r  annea l ing  than i n  t h e  a s - r o l l e d  cond i t i on  
(compare Figures 25 and 28). Total  elongations a s  high a s  43% f o r  pure  chromium 
and 30% f o r  Cr-Tho2 specimens were obtained, compared wi th  the  r e l a t i v e l y  L o L g  
values of - 7 t o  11% f o r  a s - ro l l ed  specimens. 
Graphs of t r u e  f r a c t u r e  s t r e s s  and proport ional  l i m i t  (Figure 29) and 
u l t ima te  and y ie ld  s t r eng th  (Figure 30) f o r  annealed mater ia ls  show the  same 
genera l  f ea tu res  a s  noted e a r l i e r  f o r  the  a l loys  t e s t ed  i n  the as- ro l led  
condit ion (see Figures 26 and 27). There is  some dispers ion  strengthetling ::a 
the  thor i a t ed  a l l o y s ,  but  not  a s  much as  would be expected i f  the  Tho2 Jispeics-ion 
had been more uniform. This r e l a t i v e  lack of d ispers ion  strengthening i s  dis- 
cussed l a t e r .  Comparison of Figures 26 and 27 (as- ro l led)  with Figures 29 and 
30 (annealed) shows t h a t  the  one hour, 1 2 0 0 ~ ~  anneal  lowered the  s t r eng th  o f  
both the  pure chromium and the  Cr-ThO a l loys .  For example, the  0.2% yield 2 
s t r eng ths  were decreased by annealing, a s  shown below: 
Condition Pure C r ,  1 5 0 ' ~  Cr-Tho2 Alloys, 6 0 ' ~  
As-rolled 77 k s i  (530 MN/m2) 2 82-88 k s i  (566-607 MN/m ) 
Annea led 24 k s i  (166 ,MN/m2) 2 46-53 k s i  (317-365 M N / ~  ) 
These temperatures were se lec ted  f o r  comparison, s ince  they a r e  jus t  above 
t h e  h ighes t  DBTT f o r  the  pure chromium and the  thor i a t ed  mater ia ls .  
The f r a c t u r e  c h a r a c t e r i s t i c s  of the  a s - ro l l ed  pure chromium and Cr..TbO 2 
a l l o y s  were s imi la r .  Below the  DBTT, f r a c t u r e  was almost e n t i r e l y  by cleavage, 
while above the  DBTT, mixed cleavage and d u c t i l e  t e a r i n g  was observed. The 
one hour anneal  a t  1 2 0 0 ~ ~  caused the  pure chromium t o  r e c r y s t a l l i z e ,  b u t  t he  
Cr-Tho2 a l l o y s  s t i l l  had a  worked (plus recovered) s t ruc tu re .  Below t h e  DBTT 
the  annealed pure chromium f a i l e d  by mixed cleavage and gra in  boundary fracture 
and the  thor i a t ed  a l l o y s  almost e n t i r e l y  by cleavage. Above the  DBTT t h e  annealed 
pure chromium and the  thor i a t ed  a l l o y s  f a i l e d  by d u c t i l e  tear ing ,  wi th  some g ra in  
boundary f r a c t u r e  i n  the  pure chromium. Figure 31a shows the  mixed t ransgranular  
(a) Pure  chromium, tested at 1 3 5 ' ~  (0.6% E l . ,  
0.2% PA). 
(b) Cr-2.99 w / o  Tho2, tested a t  5 5 ' ~  (6.0% El . ,  
2.3% RA). 
FIGURE 31. SCANNING ELECTRON FRACTOGRAPHS OF ANNEALED 
C K R O M I W  AND Cr-Tho2 SPECIMENS, 1000X. 
c leavage  and g r a i n  boundary f r a c t u r e  of an annealed pure chromium specimen 
t e s t e d  a t  1 3 5 ' ~  (0.6% E l . ,  0.2% RA) .  The c r a t e r s  apparent  on t h e  f r a c t u r e  sur- 
f a c e  correspond t o  C r  0  p a r t i c l e s  ( o r  t h e i r  h o l e s ) .  The mixed d u c t i l e - t e a r :  2  3 
cleavage f r a c t u r e  o f  an  annealed Cr-2.99 w/o Tho2 specimen t e s t e d  a t  5 5 ' ~  i s  
shown i n  Figure 31b. This specimen had 6% e longat ion  and 2.3% reduct ion  i n  
a r ea .  
H i ~ h  Temperature Deformation 
Due t o  t he  l imi t ed  amount of m a t e r i a l  a v a i l a b l e ,  only a few pre l i r c l   nary t e n -  
s i l e  t e s t s  were made on the  Cr-Tho2 a l l o y s  a t  e leva ted  temperatures ( 1 0 9 3 " ~ ) ~  The 
specimen conf igu ra t ion  was t h e  same a s  t h a t  used f o r  t h e  DBTT d e t e m i n a t  ions 
(Figure 24), and specimens were clamped i n  s p l i t  s e r r a t e d  g r i p s  made f r m  Mo.,.TZM 
-4 -1 Tests  were performed a t  a  s t r a i n  r a t e  of 1.7 x 10 s e c  i n  an  I n s t r o n  with a 
- 5 Brew vacuum furnace a t t ached .  During t e s t i n g  t h e  vacuum was 10 t o r r  (1,33 x 
The r e s u l t s  a r e  l i s t e d  i n  Table 10. 'At  1 0 9 3 ~ ~  t h e r e  i s  l i t t l e  difference 
i n  s t r e n g t h  between t h e  a s - r o l l e d  and annealed cond i t i ons ,  a l though the  t o t a l  
e longa t ion  of t h e  a s - r o l l e d  specimens i s  about twice  t h a t  of annealed specimens, 
The y i e l d  and u l t i m a t e  s t r e n g t h  va lues  of both t h e  Cr-2.99 w/o Tho2 and Cr-3,L2 
w/o Tho2 a l l o y s  a r e  e s s e n t i a l l y  t h e  same a s  values f o r  pure chromium a t  11095°C. 
repor ted  i n  t h e  l i t e r a t u r e .  (5y6)  The reasons f o r  l a c k  of high temperature d i s -  
pers ion  s t rengthening  a r e  d iscussed  l a t e r .  
Prel iminary Oxidation S tudies  
Severa l  s e l e c t e d  oxida t ion  t e s t s  were made on t h e  pure chrorni~~m and 
one Cr-Tho2 a l l o y  (Cr-3.12 w/o Tho2). Thermogravimetric measurements o f  weight 
4 2 ga in  ve r sus  t ime were made a t  900 and 1 1 0 0 ~ ~  i n  100 t o r r  (1.33 x 10 N/m ) e f  
c o m m a  
m * a w  
m u r m m  
s t a t i c  oxygen, with the  r e s u l t s  shown i n  Figure 32. The specimens were from 
the shoulders of broken t e n s i l e  specimens, which had been t e s t e d  i n  the anneakee 
condi t ion .  P r i o r  t o  oxidat ion,  the  specimens were re-e lec t ropol ished,  Details 
of the oxidat ion  procedures have been described elsewhere. (7) 
Oxidation, a s  measured by weight gain, appears t o  be more rapid f:>r 
the  pure chromium than f o r  the  Cr-Tho2 a l l o y  a t  both 900 and 1 1 0 0 ~ ~ .  111i.s :..s 
s i m i l a r  t o  previous work on TD N i - C r  (Ni-20Cr-2Th02) and i t s  Tho2-free c s u n e e r -  
0 p a r t  (8 '9) .  I n  TD N i - C r  oxidat ion  a t  T '; 1000 C appears t o  be a balance between 
weight gain by s c a l e  (Cr 0 ) formation and weight l o s s  by evaporation of ex~ernal 2 3 
CrO3. Under some condit ions t h i s  can r e s u l t  i n  a  t o t a l  weight loss  i n  TD N i - C r  
oxidized f o r  long periods of time. This behavior, however, does not a p p e a r  co 
happen i n  Ni-20Cr, o r  even i n  Ni-30Cr where C r  0  sca les  form during oxidat~on, 2 3 
The d i f fe rences  between t h e  pure chromium and Cr-Tho2 r e s u l t s  i n  Figure 32 nay  
be the  r e s u l t  of a  s i m i l a r  s i t u a t i o n ,  although the  me'chanism of the  ThoZ e f f ec t  
i s  not apparent .  
Scanning e lec t ron  micrographs of sect ioned pure chromium and Cr-3-12 
W / O  Tho2 specimens oxidized f o r  24 hours a t  1 1 0 0 ~ ~  a r e  shown i n  Figure 33. The 
average Cr203 s c a l e  t h i c h e s s e s  a r e  -- 15 p m f o r  the  pure chromium and -- 5 id m 
f o r  t h e  Cr-Tho2 a l l o y .  The s c a l e  on the  pure chromium is  buckled (Figure 33a) 
and spal led  on cooling from t h e  oxidat ion temperature. The C r  0  s c a l e  on the 2 3 
Cr-3.12 w/o Tho2 a l l o y  i s  adherent i n  places,  and appears t o  be severe ly  
fragmented (Figure 33b). This could have occurred during cooling. An interesting 
f e a t u r e  i n  Figure 33b i s  the  appearance of ThoZ p a r t i c l e s  (white) i n  the  sca le ,  
This i d e n t i f i c a t i o n  was poss ib le  by using the  back-scat tered mode i n  the scanning 
e l e c t r o n  microscope. The presence of Tho2 i n  the  Cr203 s c a l e  has also beer 
observed i n  oxidized TD ~ i - ~ r ' ~ ) ,  and i s  poss ib le  evidence t h a t  oxidat ion proceeds  
by inward oxygen d i f f u s i o n  i n  thor i a t ed  a l l o y s .  
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FIGURE 3 2 .  S T A T I C  ISOTHERMAL OXIDATION OF PRE-ANNEALED PURE 
CHROMIUM AND C r - 3 . 1 2  w / o  T h o 2  A T  9 0 0  and 1 1 0 0 ~ ~  I N  
100 TORR (1.33 x 104 ~ / m 2 )  O F  OXYGEN. NOTE D I F F E R -  
ENT WEIGHT G A I N  AND T I M E  SCALES I N  (a) AND (b) . 
(a) Pure C r ,  lOOOX 
(b)  C r - 3 . 1 2  wlo T h o 2 ,  2OOOX 
FIGURE 33. SCANNING ELECTRON MICROGRAPHS O F  SECTIONED SPECII- 
MENS WHICH HAVE BEEN OXIDIZED FOR 2 4  HRS A T  1 1 0 0 ° C  
I N  100 TORR (1.33 x lo4  N/rn2) OXYGEN 
Discussion 
The d u c t i l e - t o - b r i t t l e  t r a n s i t i o n  temperature of unalloyed chromium 
has been shorn t o  be a  func t ion  o£  m a t e r i a l  parameters such a s  g r a i n  s i z e ,  d e n s i t y  
sf mobi le  d i s l o c a t i o n s ,  impur i t i e s  (e .g . ,  n i t r o g e n  and g r a i n  boundary n i t r i d e s )  
as w e l l  as r a t e  of deformation and type of t e s t i n g  (e .g. ,  notched impact, slow 
tensazn, etc.). The in f luence  of some of t hese  f a c t o r s  has been reviewed i n  
1"ecent comounicat ions (10-13) , and Figure 34 compares DBTT r e s u l t s  f o r  chromium 
single c r y s t a l s  t e s t e d  i n  t ens ion  (I4 '  15) w i t h  unalloyed polycrys t a l l i n e  chromium 
subje.:t.el to notched impact deformat ion . ( l6)  The s i n g l e  c r y s t a l s  had a  DBTT of  
-80'~~ whereas t h e  p o l y c r y s t a l l i n e  chromium t e s t e d  i n  notched impact had a  DBTT 
0 
0": 370 6, 
Although some f a c t o r s  regard ing  t h e  DBTT of chromium a r e  no t  completely 
c lear ,  s e v e r a l  g e n e r a l l y  accepted conclusions have been reached: 
(a) Tline DBTT of  wrought chromium i s  lower than  t h a t  of r e c r y s t a l l i z e d  
m a t e r i a l  (16,17,19,22,25,34) 
(b) B r i t t l e  f r a c t u r e  i s  s l ip - induced  and t h e  c r i t i c a l  s t a g e  of 
f r a c t u r e  i s  c rack  i n i t i a t i o n  (10,15,30) 
(c) Nitrogen i n  s o l u t i o n  and a s  n i t r i d e s ,  e s p e c i a l l y  a t  g ra in  
boundaries,  i nc reases  b r i t t l e n e s s  (17,18,20-23,34-36) 
(d) Chrmium i s  extremely no tch - sens i t i ve  (10,14,21) 
$e) So l id  s o l u t i o n  a l l o y i n g  of  chromium wi th  35 a l o  rhenium substan-  
t i a l l y  lowers the  DBTT f o r  slow deformation r a t e s  (10,12,39) 
(f) P r e s t r a i n i n g  t o  produce mobile d i s l o c a t i o n s  inc reases  t h e  
subsequent d u c t i l i t y  of chromium (24,3l-33,37) 
( g )  Inc reas ing  t h e  deformation r a t e  i nc reases  t h e  DBTT of 
(10,26-29) 
chromium 

The present  inves t iga t ion  has shown t h a t  Tho p a r t i c l e s  i n  chromium lower 2  
the DBTT by 1 2 5 ' ~  i n  the  a s - ro l l ed  condit ion and by 90°c f o r  ma te r i a l  t h a t  has 
been annealed f o r  one hour a t  12000C. This enhanced d u c t i l i t y  could not be 'due 
t o  a clifferenee i n  subs t ructure ,  s ince  a s  shown i n  Table 6, both the  pure 
chromaurn and Gr-Tho a l loys  had -- 1 y m diameter subgrains i n  the  a s - r o l l e d  2 
condition, Neither could t h e  apparent Tho2-induced d u c t i l i z i n g  be due t o  a  
diffe7ence i n  n i t rogen content.  As seen i n  Table 2  the n i t rogen ana lys i s  f o r  
p u r e  enromiu~m was 60 ppm compared wi th  70-170 ppm f o r  the  thor i a t ed  mate r i a l .  I f  
n i t rogen eml~ri t t lement were apparent,  the  thor i a t ed  a l l o y s  should have been more 
embritrled, Grain s i z e  e f f e c t s  probably d id  not  a f f e c t  the  DBTT values.  For 
exampie,  t he  a s - ro l l ed  pure chromium with a  f i n e  elongated (somewhat recovered) 
g ra in  s t r u c t u r e  had the  same DBTT, 140°e, a s  d id  ma te r i a l  a f t e r  annealing f o r  
one hour a t  l20O0C, where t h e  s t r u c t u r e  was completely r e c r y s t a l l i z e d  with a  
grain size of 33 y m. 
A s  noted i n  Conclusion (b) above, the re  is  general  agreement t h a t  
b r i t t l e  f r a c t u r e  i n  chromium i s  slip-induced. *Further ,  i n  po lyc rys ta l l ine  
chromium t e s t e d  i n  tension,  evidence points  t o  the  f a c t  t h a t  the  i n i t i a l  crack 
Lsrmed i s  a r e s u l t  of slip-induced g ra in  boundary parting(''), which i n i t i a t e s  
cleavage and f i n a l  f r ac tu re .  Maykuth and Gi lbe r t  ( lo)  have presented s t rong  
evidence for slip-induced f r a c t u r e  by comparing the  temperature dependence of the 
i e n s i i e  b r i t t l e  f r a c t u r e  s t r e s s ,  from ~ e a v e r ' ~ ~ ) ,  with the  temperature dependence 
of the compressive y ie ld  s t r e s s ,  from Marcinkowski and ~ i p s i t  t(3B) . The two 
stress versus  temperature p l o t s  were p a r a l l e l  over the  temperature range -3.00 t o  
+HOO"C, which suggests  t h a t  some y ie ld ing  on a  f i n e  s c a l e  must occur before 
brittle f r a c t u r e  is  i n i t i a t e d .  The r e s u l t s  of the  present  work confirm t h i s  
concJusion, Figures 27b and 30b show t h a t  the  b r i t t l e  f r a c t u r e  s t r e s s  has the  
same t.empesature dependence a s  the  0.2% y i e l d  s t r eng th ,  with the  values of 
b r i t t l e  f r a c t u r e  s t r e s s  ly ing s l i g h t l y  below the yield-strength-versus-temperature 
p l o t s ,  
The b r i t t l e - v e r s u s - d u c t i l e  f r a c t u r e  of chromium, then ,  i s  a  cornpetlt:ion 
between s l ip- induced crack  i n i t i a t i o n  and macroscopic flow. I f  the  s t r e s s  re-- 
qui red  t o  produce macro-yielding i s  h igher  than  the  b r i t t l e  f r a c t u r e  s t r e s s ,  the  
m a t e r i a l  w i l l  be b r i t t l e .  Conversely, i f  flow can t ake  place a t  s t r e s s e s  substan-  
t i a l l y  below the  b r i t t l e  f r a c t u r e  s t r e s s ,  t h e  m a t e r i a l  w i l l  be d u c t i l e .  
Seve ra l  mechanisms may be ope ra t ive ,  a l though it i s  no t  poss ib l e  t o  pin- 
po in t  wi th  c e r t a i n t y  which i s  most important:  ( I )  Tho p a r t i c l e s  may disperse 2 
s l i p ,  making i t  more d i f f i c u l t  t o  achieve s l i p  induced g r a i n  boundary crack cu- 
c l e a t i o n  e i t h e r  due t o  t he  a t ta inment  of a  c r i t i c a l  s t r e s s  o r  c r i t i c a l  s t r a i n  con-- 
d i t i o n ;  (2) second phase p a r t i c l e s  may a c t  a s  d i s l o c a t i o n  sources ,  and thus 
provide mobile d i s l o c a t i o n s  i n  t h i s  normally source-poor--material;  and ( 3 )  pas-  
t i c l e s  i n  g r a i n  boundaries may serve  t o  h e l p  t r ansmi t  s l i p  ac ros s  boundaries by 
i n j e c t i n g  mobile g l i d e  d i s l o c a t i o n s  i n t o  an  ad jacen t  g r a i n  and thereby i n h l b b t  
g r a i n  boundary cracking.  
The f i r s t  mechanism i s  considered wi th  the  h e l p  of t he  schematic i l l u s -  
(21 t r a t i o n  i n  Figure 35, which e s s e n t i a l l y  r e f l e c t s '  t h e  model of Hahn and Rcssenfield 
A s i m i l a r  concept has  been employed by Hodgson and Tetelman ( 42 )  t o  s t e e l  containing 
spheroidized ca rb ides ,  f o r  t h e i r  case  where p a r t i c l e s  were not  cracked by s l i p  
bands. The numerous w e l l  known t h e o r i e s  of b r i t t l e  f r a c t u r e ,  e.g., Griffith, 
C o t t r e l l ,  S t roh ,  Petch,  a l l  p r e d i c t  t h a t  t he  cleavage s t r e n g t h ,  Uc, v a r i e s  as 
(1/L+)'I2, where L i s  t he  l eng th  of a  s l i p  band, o r  d i s l o c a t i o n  p i l eup ,  and t h i s  
o f t e n  may be t h e  g r a i n  diameter.  A l l  o t h e r  t h ings  being equal ,  a  h igher  valiue? of 
L w i l l  lower oc. It i s  poss ib l e  t h a t  t he  r o l e  of t he  ThoZ p a r t i c l e s  i s  t o  d i s p e r s e  
s l i p ,  a s  shown i n  Figure 35, such t h a t  lower e f f e c t i v e  va lues  of L a r e  achieved, If 
t h i s  i s  accomplished, l e s s  severe  s t r e s s  concent ra t ions  a r e  produced a t  g r a i n  ~ound- 
a r i e s  o r  o the r  p o t e n t i a l  s i t e s  f o r  c r ack  nuc lea t ion ,  and the  cleavage s t r e n g t h  i s  
r a i s ed .  However, p a r t i c l e s  cannot only r a i s e  t he  cleavage s t r e n g t h ,  bu t  can also 
\ p a i n -  boundary crack 
A .INITIATION OF A GRAIN- BOUNDARY B.SAME AS A. BUT MATERIAL CWTAINS 
CRACK BY A SLlP BAND IN BRITTLE SECOND PHASE PARTICLES WHICH 
MATERIAL LIMIT THE EFFECTIVE SLIP BAND 
- 
LENGTH TO L 2  
FIGURE 35. SCHEMATIC DIAGRAMS ILLUSTRATING EFFECT OF SECOND- 
PHASE PARTICLES ON SLIP BAND LENGTH, L ,  AND CLEAVAGE 
STRENGTH, Oc. L1 > L2, SO Dc < D . 
1 C 2 
increase  the yie ld  strength.  The s t r e s s  concentrations exerted on a p o t e n t i a l  site 
f o r  crack nucleation by localized s l i p  can be rel ieved by more extensive general 
s l i p  i n  the same region, thus avoiding b r i t t l e  f rac ture .  The onset of more exten- 
s ive  s l i p  would coincide with the general yielding of the specimen. For  the  DBTT 
t o  be lowered by pa r t i c l e s ,  the cleavage s t rength  must be increased more than the  
y ie ld  s t rength ,  This apparently i s  the case f o r  the Cr-Tho a l loys .  Thus the  2 
r e l a t i ve ly  small amount of d ispers ion strengthening by Tho2 i n  chromium i s  u s e f u l  
i n  helping t o  promote a lower DBTT. 
Some evidence i n  support of t h i s  model i s  shown by the rep l i ca  electron 
micrographs i n  Figure 36. These were taken on an annealed Cr-3.12 w8o ThO spec- 2 
imen deformed t o  f rac tu re  above the DBTT (T = 145O~,  31.5% t o t a l  elongation 3nd 
35.1% reduction i n  area) .  The purpose of the experiment was t o  determine whether 
o r  not  s l i p  bands on the surface had in teracted with Tho par t i c les .  A similar 2 
experiment was performed on a Cr-Tho specimen f ractured below the DBTT, However, 2 
t h i s  was unsuccessful because no surface s l i p  o f f s e t s  were v i s i b l e  i n  the  areas  
examined. The arrows on the micrographs i n  Fig"ure 36 point t o  pa r t i c l e s  where the  
s l i p  character  i s  d i f f e r en t  on opposite s ides  of the pa r t i c l e ,  However, this ev- 
idence cannot be considered conclusive proof t ha t  the model i s  cor rec t ,  s ince  some- 
times pa r t i c l e s  were in tersected by s l i p  bands with no apparent change I n  slip 
character ,  and the two-dimensional surface examination may not adequately repre- 
sen t  the three-dimensional flow process. 
One way t o  assess  the influence of s l i p  dispersion by pa r t i c l e s  an crzck 
nucleation i s  t o  consider the question of wavy s l i p  versus planar s l i p ,  and1 the 
r e l a t i on  of s l i p  character  t o  crack nucleation(46). I n  general ,  as  the  t e s t  tem- 
perature i s  ra ised,  cross-s l ip  increases and deformation of BCC metals changes 
from planar s l i p  t o  s l i p  with increasing waviness. Yet the g ra in  s i z e  dependence 
(47) 
of the f rac tu re  s t r e s s  i n  BCC metals , i .e. ,  slope of Petch p lo t s ,  remains the  
.(a> 3 6 ,  OOOX 
0) 4 8 ,  OOOX 
FIGURE 36, REPLICA ELECTRON MICROGRAPHS TAKEN ON THE SURFACE OF AN 
ANNEALED C r - 3 . 1 2  W/O T h o  SPECIMEN DEFORMED TO FRACTURE 
ABOVE THE DBTT (T = 14508, 3 1 . 5 %  EL.,  35 - 5 %  RA) . ARROWS 
INDICATE PARTICLES WHICH APPEAR TO HAVE INFLUENCED THE 
CHARACTER OF S L I P .  
same wi th  inc reas ing  temperature,  which sugges ts  t h a t  t he  c h a r a c t e r  of s l i p  in pure 
BCC metals  may no t  be important  i n  the  f r a c t u r e  i n i t i a t i o n  process ,  I n  f a c t ,  some 
wavy s l i p  l i n e s  i n  i ron(48)  have dev ia t ions  i n  d i r e c t i o n  equiva len t  t o  t h a t  Lnduced 
by t h e  ThO p a r t i c l e  i n  Figure 36a. I f  t h i s  i s  t r u e  i n  chromium a s  w e l l ,  then  2  
t h e  d i s p e r s i o n  of s l i p  by p a r t i c l e s  may no t  lower t he  DBTT. 
As noted previous ly ,  i t  i s  poss ib l e  t o  lower t h e  DBTT of chrolmium Tzly 
f i r s t  p r e s t r a i n i n g  above the  DBTT t o  produce mobile d i s l o c a t i o n s  i n  this n o r n m l l y  
source-poor ma te r i a l .  The p r e s t r a i n i n g  can be done convent iona l ly  (24 ,371 or by 
h y d r o s t a t i c  p r e s s u r i z a t i o n  (31-33) and has the  gene ra l  e f fec ;  of removing t h e  
y i e l d  poin t .  Once mobile d i s l o c a t i o n s  a r e  a v a i l a b l e ,  then  m u l t i p l i c a t i o n  can oc- 
c u r  and macroscopic flow w i l l  proceed u n t i l  t h e  m a t e r i a l  i s  s u f f i c i e n t l - y  WO:IP.C- 
hardened t h a t  t h e  d u c t i l e  c leavage f r a c t u r e  s t r e s s  i s  reached, I f  the  second meeh- 
anism were ope ra t ive ,  such t h a t  t h e  ThO p a r t i c l e s  ac ted  a s  d i s l o c a t i o n  sources 2 
by punching out  loops a t  s t r e s s e s  below t h e  upper y i e l d  s t r e s s  (and brittle frac- 
t u r e  s t r e s s ) ,  e .g , ,  i n  t h e  mic ros t r a in  reg ion ,  t h i s  might a c t  i n  a  f a sh ion  equiv- 
a l e n t  t o  t h e  p r e s t r a i n i n g  experiments.  Some ev"idence i n  support  of t h i s  was ob- 
t a ined  by t ransmiss ion  e l e c t r o n  microscopy of a deformed specimen of Cr-2,539 w / o  
0 
Tho2 which had been preannealed a t  1 2 0 0 ~ ~ .  This  specimen was f r a c t u r e d  a t  55 C and 
had 6% t o t a l  e longat ion .  Representa t ive  micrographs a r e  i l l u s t r a t e d  in Figure  37 ,  
The arrow i n  Figure 37a po in t s  t o  d i s l o c a t i o n  loops which appear t o  have been 
punched from a  small  p a r t i c l e ,  Previous workers a l s o  have observed t h a t  particles 
i n  chromium can a c t  a s  d i s l o c a t i o n  sources.  (31'49) Wooly d i s l o c a t i o n  tangles 
appear around o t h e r  p a r t i c l e s  i n  F igures  37a and 37b and these  may have been formed 
i n  p a r t  by source a c t i v a t i o n  a t  t he  p a r t i c l e  mat r ix  i n t e r f a c e ,  Thus ThO p a r t i c l e s  2 
a c t i n g  a s  d i s l o c a t i o n  sources may c o n t r i b u t e  t o  t he  enhanced d u c t i l i t y  of Cr-ThO 2 
a l l o y s ,  This  i s  born ou t  i n d i r e c t l y  by t h e  complete absence of y i e l d  drops i n  the 
t h o r i a t e d  m a t e r i a l s  and the  appearance of  y i e l d  drops above the  DBTT i n  t h e  as- 
r o l l e d  pure chromium and y i e l d  p l a t eaus  i n  t he  annealed pure chromium, 
FIG~JXE 37 .  TRANSMISSION ELECTRON MICROGRAPHS O F  A C r - 2 . 9 9  W / O  T h o 2  SPECIMEN 
DEFORMED AT 5 5 0 C  T O  6% TOTAL ELONGATION. THE SPECIMEN HAD BEEN 
ANNEALED AT 1 2 0 0 ° C  P R I O R  T O  T E S T I N G ,  
(46 The third possible mechanism, suggested by Embury , is an extension of 
the second mechanism and relies upon a slip band in one grain intersecting a boundary 
containing particles, These stressed particles may then inject dislocations into 
the adjacent grain, provided neither the particles nor the particle-matrix i .nterface 
fractures, In this manner slip may be transmitted across grain boundaries, thus 
relieving the stress concentration at the boundary and preventing crack nucl.eatiorr,, 
Such a situation may be possible in the present case, since many Tho2 particles 
were located in the elongated grain boundaries (see Figure 15b). The s c h e m t i e  
illustration in Figure 38 represents this process, and some possible evidence in 
support of it is shown in Figure 39. The surface replica in Figure 39 shows s l i p  
bands intersecting a boundary containing particles, and the slip appears to be trans- 
ferred across the boundary from grain A to grain B. 
Although the lack of dispersion strengthening at low temperat:ures nmy 
have helped lower the DBTT, the absence at high temperatures is detrimental if 
chromium were used in high temperature structural applications. However, one 
useful function of Tho2 with regard to high temperature strength was tcs promote 
the elongated grain structure during high temperature annealing. From previous 
work on dispersion strengthened nickel alloys (40) it is known that the elongated 
grain structure enhances the high temperature tensile and creep strength by rmking 
grain boundary sliding more difficult. It was shown that the 0.2% yield strength 
and creep strength all increased linearly with increasing grain aspect ratto, i ,e,,  
grain length divided by grain width. (40) The fact that the elongated grain J t ruc tu re  
was produced in Cr-Tho2 alloys suggests that these materials have good fo r  
high temperature strength. If the dispersion cannot be made more uniform, then matrix 
strengthening by solid solution additions would be a logical way to proceed, D i i n t e  
additions of tantalum and niobium (a at. %) have been shown to triple the serength 
of chromium over the temperature range 1000-1300~~(~~). It is possible to alloy 
with both tantalum and niobium in the present CVD powder production unit, 
0- 
Particle in grain 
slip 
in 
F I G U R E  38. SCHEMATIC ILLUSTRATION O F  A S L I P  BAND INTERSECTING 
A P A R T I C L E  I N  A GRAIN BOUNDARY, AND THE P+$g$CLE 
I N J E C T I N G  S L I P  I N T O  AN ADJACENT BOUNDARY, 
F IGURE 39,  SOME P O S S I B L E  EVIDENCE FOR THE MECHANISM I N  FIGURE 
38. SPECIMEN WAS ANNEALED C K - 3 . 1 2  W / O  T h o 2  DEFORNED 
T O  FRACTURE AT 1 4 5 ' ~  ( 3 1 . 5 %  EL., 3 5 , 5 %  RA) , 1 2 ,  0 0 0 X ,  
SUMMARY OF RESULTS AND 
CONCLUSIONS 
(1) A vapor-deposition apparatus has been designed, constructed, and operated 
for the production of chromium and Cr-Tho2 powders in 1/4 to 112 pound (114-227 g )  
lots. 
(2) One lot of pure chromium and three lots of Cr-Tho2 containing about 
3 w/o Tho2 (2.2 v/o) were prepared, consolidated by hot isostatic pressing, and 
successfully rolled to sheet of 0.026 to 0.033 inch (0.066 to 0.084 cm) thickness, 
(3) The Tho particle distribution was more uniform in rolled sheet 2 
than in hot isostatically pressed billets. However, the dispersion wars not as un- 
iform as in commercial dispersion-strengthened nickel alloys. 
(4) The tensile ductile-to-brittle-transition temperature (DBTT) at a 
-4 -1 
strain rate of 1.7 x 10 sec was lower for the three thoriated materials than 
for pure chromium. This Tho -induced ductilizing was evident for material tested 2 
in the as-rolled condition as well as for material which had been annealed far 
one hour at 1200~~. The DBTT values were: 
Material As-rolled Annealed 
Pure Chromium 140'~ 140'~ 
Cr-Tho2 alloys 15'~ 5o0c. 
(5) The improved ductility in thoriated chromium may be associatcsd with 
several possible mechanisms: (1) particles may disperse slip, such that critical 
stress or strain concentrations for crack nucleation are more difficult to achieve, 
(2) particles may act as dislocation sources, thus providing mobile dfs1ocat;fons 
in this normally source-poor material, in a manner similar to prestraining, and 
(3) particles in grain boundaries may help to transmit slip across the bouadarfes, 
thus relieving stress concentrations and inhibiting crack nucleation, 
( 6 )  Some dispersion strengthening at lower temperatures was achieved 
Tho2 additions. The yield and ultimate strengths of the thoriated alloys were 
2 
about ZIB,OOO psi (69 M N / ~  ) higher than corresponding values for pure chromium 
0 
o ~ e r  ti-,e temperature range 150-200 C. At 1093'~~ however, the strength of tho; 
riated rraterials was essentially the same as that for pure chromium, 
0 
(7) When the Cr-Tho2 alloys were annealed at 1316 and 1427 C for 100 
hours, an elongated grain structure was produced. Prom other work, it is known 
t n a t  su::h a structure minimizes grain boundary sliding. The elongated grains in 
Cr-Tho, alloys thus have potential for improved high temperature strength, How- 
ever, matrix strengthening by solid solution alloying or a more uniform dis- 
persion 5s believed to be necessary. 
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PROCUREMENT AND EVALUATION OF THORIA POWDER 
Samples of t h o r i a  from fou r  d i f f e r e n t  s u p p l i e r s  were eva lua ted ,  The 
e v a l u a t i o n  by e l e c t r o n  microscopy ind ica t ed  t h a t  V i t r o  t h o r i a  was the  best 
a v a i l a b l e  wi th  r e spec t  t o  t h e  requirements t h a t  t h e  t h o r i a  must be a free-fLowing 
powder and have a  narrow p a r t i c l e  s i z e  range. Although t h e  V i t r o  t h o r i a  i s  
p r e d m i n a n t l y  i n  t h e  des i r ed  s i z e  range of 0.02 t o  0.05 p m ,  i t  conta ins  a 
s i g n i f i c a n t  f r a c t i o n  of p a r t i c l e s  i n  the  range of 0 . 1  t o  1.5 p m. Due t o  
t h e  u n a v a i l a b i l i t y  of a  more s u i t a b l e  t h o r i a  powder, i t  was decided to use  the 
V i t r o  t h o r i a  f o r  t h e  p repa ra t ion  of c h r h i u m / t h o r i a  a l l o y s .  Figure 8  shows 
a n  e l e c t r o n  micrograph of t h i s  powder. 
Thoria obtained from Thorium Limited was of a  narrower s i z e  range 
(0.04 t o  0.08 p m) than  the  V i t r o  powder. However, t h e  f a c t  t h a t  t h e  Tharilm 
Limited m a t e r i a l  was agglomerated i n t o  chunks of about 118-in. (0.32 em) size 
i 
ru l ed  ou t  i t s  use  i n  t h e  p repa ra t ion  process .  Attempts t o  de-agglomerate an 
a l c o h o l  s l u r r y  of t hese  t h o r i a  chunks i n  a  Waring b lender  showed some p r o m . i ~ e ,  
but  on removal of t he  a lcohol ,  t h e  t h o r i a  re-agglomerated. An e l e c t r o n  micrograph 
of t h e  Thorium Limited Tho2 i s  shown i n  Figure A-1.  
Samples of t h o r i a  from seven l o t s  obtained from a  t h i r d  s u p p l i e r  and a 
s i n g l e  sample from a  f o u r t h  s u p p l i e r  were eva lua ted  and judged t o  be unsu i t ab l e  
because of t h e  wide range of p a r t i c l e  s i z e s  observed. 
Upgrading Thoria Powder by F i l t r a t i o n  
The p o s s i b i l i t y  t h a t  oversized t h o r i a  p a r t i c l e s  i n  t h e  Vi t so  "HTkr02 could 
be t rapped by f i l t r a t i o n  of p a r t i c l e s  en t r a ined  i n  hydrogen was considered,  
The approach appeared t o  have some p o t e n t i a l ,  s i n c e  f i l t e r s  a r e  now 
60, OOOX 
FIGURE A - 1 .  T h o 2  P A R T I C L E S  OBTAINED FROM THORIUM L I M I T E D ,  
LONDON, ENGLAND. THE STARTING CHUNKS O F  T h o 2  
(-- 0.3 cm D U . )  WERE SUSPENDED I N  A SOLUTION 
O F  ETHYL ALCOHOL AND S P M Y E D  ONTO AN ELECTRON 
MICROSCOPE G R I D  COVERED WITH A CARBON F I L M .  
a v a i l a b l e  with known pore s i z e s  i n  the  range of i n t e r e s t .  For example, f i l t e r s  
with pore s i z e s  of 0.01, 0.05, 0.1, 0.22, 0.3, 0.45, 0.65, 0.80, 1 . 2 ,  3,0, 5-0, 
and 8.0 p. m a r e  commercially avai:able. In  addi t ion ,  the  geometry of the pores 
of ava i l ab le  f i l t e r s  approximates a  close-packed a r r a y  of c a p i l l a r y  t u b e s ,  I n  
d iscuss ions  a t  B a t t e l l e ' s  Columbus Laboratories wi th  personnel knowledgeable i n  
t h e  f i e l d  of aerosols ,  i t  was learned t h a t  the  fundamentals f o r  f i l t r a t i o n  of 
ai rborne  p a r t i c l e s  a r e  not  s u f f i c i e n t l y  developed t o  p red ic t  the  s u i t a b i l i t y  o f  
t he  approach. This conclusion is  i n  agreement with a statement of Davis ( 4 3 )  
t h a t  'Yn s p i t e  of the  f a c t  t h a t  membrane f i l t e r s  (MF) a r e  widely used and mau-  
fac tured ,  t h e  f i l t r a t i o n  process i t s e l f  i s  not  understood. In  cmpar ison -with 
f ibrous  f i l t e r s ,  MF f i l t r a t i o n  has been s tudied  very l i t t l e  experimentally and 
theory i s  e n t i r e l y  lacking. A somewhat naive argument is of ten  found, stating 
t h a t  the  high e f f i c i e n c y  of M F ' s  is  due t o  s t rong  e l e c t r i c  charge, b u t  any d a t a ,  
even of a  q u a l i t a t i v e  charac ter ,  a r e  lacking". 
However, recent  pe r t inen t  information by Spurney ( 44 )  and a l i m i t e d  
amount of experimental work indica ted  t h a t  t h e  powder-preparation proicess require- 
ments did not  match the  performance of ava i l ab le  f i l t e r s .  The mismatch i s  assoctated 
with the  s i z e  of p a r t i c l e s  re ta ined by the  f i l t e r s  and the  concentrat ion of the 
ae roso l  which determine the  use fu l  time before clogging occurs. In  Spurmey's 
published experimental work, the  c o l l e c t i o n  e f f i c i e n c i e s  a r e  given f o r  a sswge 
of p a r t i c l e  s i z e s  and f i l t e r  pore s i z e s .  Some of the  published data  a re  listed 
below t o  i l l u s t r a t e  the  f inding t h a t  both the  small  and large  p a r t i c l e s  are 
re ta ined by t h e  f i l t e r  and only a f r a c t i o n  of the  p a r t i c l e s  of i n t e m e d i a t e  size 
pass through the  f i l t e r .  Clogging was no t  a  problem i n  the  work of Spurney after 
severa l  hours of use. However, the  da ta  ind ica te  t h a t  clogging would be a problen 
f o r  f i l t e r i n g  Tho2, s ince  the  concentrat ion of p a r t i c l e s  required i n  the entraining 
gas, i .e.,  1.5 x 10" t h o r i a  p a r t i c l e s  (0.05 j.4 m i n  diameter)/cm3 of entrs:ming 
Col lec t ion  Ef f i c i enc ies ,  % 
F i l t e r  1 F i l t e r  2 F i l t e r  3 
pore 
Diameter = 
0.5 y m 
pore 
Diameter = 
0.8 p m 
pore 
Diameter = 
gas ,  % a  many orders of magnitude g r e a t e r  than those inves t iga ted  i n  the  study on 
5 3 S f  I t r a t i o n  CB x  10 platinum-oxide p a r t i c l e s  (0.02-p m diameter) /cm 1. 
Use of f i l t e r s  i n  the  thor i a  feeder  was explored b r i e f l y  using Linde 33 
a l u m i c a  and f i l t e r s  having pore s i z e s  of 0.1, 0.45, 1.2, and 5 ,U m. A l l  f i l t e r s  
t r a p p e d  t h e  ent ra ined Linde B, having a reported s i z e  of 0.03 p m ,  t o  the  extent  
t h a t  no smoke was v i s i b l e  i n  the  exhaust gas. The r e s u l t s  can be explained 
p a r t i a l l y  by the  published da ta  and p a r t i a l l y  by the  r e s u l t s  of an e l e c t r m i c r o s c o p i c  
examination of the  Linde B. The examination of the  alumina feed indica ted  t h a t  i t  
consisted of 0.05 t o  0.1 p m-size p a r t i c l e s  fused a t  points  of contac t  t o  form 
sgglomeratcis of about one micron i n  s i z e .  The r e s u l t s  of the  examination explains 
the ~ b s e n c e  of feed through a l l  but the 5 61 rn f i l t e r  and could be a cont r ibut ing  
f a c t o r  for low feed r a t e s  through the  l a rge r  pore s i ze .  
In the  l i g h t  of the  present ly  ava i l ab le  information, i t  was decided t o  
c e m m a t e  development of the  upgrading of thor i a  by f i l t r a t i o n .  It should be 
noted that c l a s s i f i c a t i o n  of submicron-size p a r t i c l e s  by conventional methods i s  
not f eas ib le .  Separat ion of s e t t l i n g  i n  various gas and l i q u i d  media has been 
cons :&red, However, the  problem can be properly v i sua l i zed  by simply observing 
the  smoke from a c iga re t t e .  Tobacco smoke has a p a r t i c l e  s i z e  of 0.01. t o  L , O  p &:me 
Obviously, the 0.01 t o  0.1 pm-size  pa r t i c l e s  of i n t e r e s t  do not readi ly  separare 
i n  a i r .  The reported (45)  s e t t l i n g  r a t e s  i n  a i r  and i n  a normal g rav i ta t iona l  f i e l d  
a r e  5 x and 1 x lo-' cmlsec fo r  the  1.0- and 0.01 p m-size-part icles,  
respectively.  In water, the  s e t t l i n g  ve loc i t i e s  f o r  1 p m-size pa r t i c l e s  are 
- 9 5 x lom5 cm/sec, a s  compared t o  5 x 10 cm/sec fo r  0.01 p m-size pa r t i c l e s .  The 
slaw s e t t l i n g  r a t e s  allow ample time f o r  the formation of agglomerates of mixed 
p a r t i c l e  s i z e  which then s e t t l e  more rapidly than individual  pa r t i c l e s ,  Conse- 
quently, l i t t l e  o r  no separation i s  achieved on s e t t l i n g  i n  e i t h e r  a i r  o r  Fbater, 
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NEW TECHNOLOGY 
The r e sea rch  i n  t h i s  r e p o r t  has  provided New Technology, which is  
b r i e f l y  desc r ibed  below, i nc lud ing  p e r t i n e n t  pages i n  t h e  r e p o r t  de sc r ib ing  
t h e  New Technology. 
A.  Scale-up of Powder Product ion 
The chemical vapor  d e p o s i t i o n  u n i t  has been s c a l e d  up t o  p rov ide  pro- 
duc t ion  of  chromium and Cr-Tho2 powders i n  114 t o  112 pound (114-227 g) lo r s  ir 
a  one-day process  run. (Discussion i s  on pp 4-22),  
B. Dispers ion  D u c t i l i z i n g  of C r  by Tho2 P a r t i c l e s  
Addi t ion  o f  about  3 w/o Tho (2.2 v/o)  t o  chromium lowers t h e  tecsaHe 2 
d u c t i l e - t o - b r i t t l e  t r a n s i t i o n  t empera tu re . ,  (Discussion i s  on pp 52-65, 7 3 - ~ 8 3 ) ~  
APPENDIX C 
DISTRIBUTION L ~ S T  
DISTRIBUTION LIST FOR FINAL REPORT CONTRACT NAS3-12435 
ADDRESSEE 
NUMBER 
OF COPIES 
NASA Headquarters 
Washington, D. C. 20546 
At t en t ton :  N o  F. Rekos (RAP) 1 
R. H ,  Raring (RRM) 1 
G .  Deutsch (RRM) 1 
M. Comberiate (RAP) 1 
J. Gangler (RRM) 1 
NASA Lewis Research Center 
21000 Brookpark Road 
Cleveland,  Ohio 44135 
At tent ion:  
G .  M. Ault  MS 3-13 1 
Tech, u t i l i z a t i o n  Off 3-19 1 
Lib ra ry ,  MS 60-3 2 
Aero. Proc, Sec t ion  
L. W .  Schopen MS 77-3 1 
Pa ten t  Council MS 501-3 1 
R e ~ o r t  Controls  Off MS 5-5 1 
Mater ia l s  & S t r u c t u r e s  Div. 
R. W. Ha11 MS 105-1 1 
>. W, Weeton MS 49-1 1 
J. F'reche MS 49-1 1 
h!. Q u a t i n e t z  MS 49-1 1 
".  K. Glasgow MS 49-1 1 
D r .  T. He rbe l l  MS 49-1 10 
S. G r i s a f f e  MS 49-1 1 
W. D. Klopp MS 105-1 1 
J. P. Merutka MS 49-1 1 
NASA S c i e n t i f i c  and Technical  
Information F a c i l i t y  
P. 0.  Box 33 
College Park, Maryland 20740 
At t en t ion :  NASA Representa t ive  
RQT-2448 2 
National  Technical  Information 
Service 
S p r i n g f i e l d ,  V i rg in i a  22151 10 
ADDRESSEE 
NUMBER 
OF COPIES 
-~ 
NASA Marshall  Space 
F l i g h t  Center 
Hun t sv i l l e ,  Alabama 35812 
At t en t ion :  Library  
NASA Manned Spacecraf t  Center 
S t r u c t u r e s  & Mechanics Div, 
Houston, Texas 77058 
2101 Webster-Seabrook Road 
At ten t ion :  Library  1 
N.  Chaffee E,B, 1 - 
NASA Ames Research Center 
Moffet t  F i e l d ,  C a l i f o r n i a  94035 
At t en t ion :  Library  
NASA Goddard Space Flight Center 
Greenbel t ,  Maryland 20771 
At ten t ion:  Library  t 
NASA F l i g h t  Research Center 
Po 0. Box 273 
Edwards, C a l i f o r n i a  93523 
At ten t ion:  Library  
D. F. Hasson 
Oode 714 
A i r  Force Mate r i a l s  Laborat3ry 
Wright Pa t t e r son  AFB, Ohio 45433 
At ten t ion:  D r .  A. M, Lovelace 
Direc to r  (CC) 
C. Lombard (LLA B 
D r .  R. M. Burte (LL) 1 
T, D. Cooper (LLK) L 
I. Per lmut te r  (LLP) 
D r . H . G e g e l  (LLS) Z 
C .  L. Ramsey (FBS)  
LAM Technical  Library ' 
NASA Langley Research Center 
L~nqley S t a t i o n  
7 T r4 , -~2ton ,  V i rg in i a  23365 
Actent ion:  Technical  Library  1 
R. Pr ide  1 
NUMBER 
OF COPIES 
Aerospace Research Lab. 
Fright Pstterson AFB, Ohio 
45433 
Attentioi~: Dr, H, Lipsitt 
(ARZ) 2 
F,M Headquarters 
Washington, D, 6. 20553 
Attent ion:  A, K, Forney 1 
L',S, Atonlc Energy Commission 
Washington, D, C, 20545 
Actention: Tech, Rpt. Library 1 
Air Force Office of Scientific 
Research 
1.~00 Wilson Wlvd. 
Arlington, Virginia 22209 
Attentloc: &je R,  ti^ 1 
Dr, M, Slawsky 1 
U,S ,  Army Haterials and 
Mecharics Research Eenter 
Watertowv, assachusetts 02172 
Attentfor,:  S, V ,  Arnold 1 
U,S , Arny Aviation Materials 
Lab, 
Fsrt Eust~s, Virginia 91103 
A ~ t e n t i o r  : Library 1 
U,S, Army Research Office- 
Durham 
Box CN-Duke Station 
Dsrkarn, North Carolina 27706 
Actention: Dr, B, M, Davis 1 
Department of the Navy 
Office of Naval Research 
Code 429 
Washington, D, C, 20350 
Attention: Dr, Re Roberts 1 
3epartment sf the Navy 
Ckief, Bureau of Naval Weapons 
Washington, D, C. 20350 
Attention: RP~-2/T. F. Kearns 1 
ADDRESSEE 
NUMBER 
OF COPIES 
Department of the Navy 
U.S, Navy Marine Engineering 
Lab. 
Annapolis, Maryland 21402 
Attention: Dr. Klaus M e  Zwilsky 1 
Naval Air Systems Command 
Navy Department 
Attention: Mr. Philip Goodwin 
AIR-5203, Room 2W98 
Washington, D. C. 20360 
Aerospace Corporation 
P. 0. Box 95085 
Los Angeles, California 90245 
Attention: Dr. K. Kamber 1 
American Society &or Metals 
Metals Park 
Novelty, Ohio 44073 
Attention: Dr, Taylor Lyman 
Boeing Company 
Commercial Airplane Division 
Materials Research Unit 
P. 0. Box 707 
Renton, Washington 98055 
Attention: Dr, D. Webster 
Boe ing Company 
P. 0. Box 733 
Renton, Washington 98055 
Attention: W. E. Binz, Jr, 
Atomic Energy Commission 
Research Establishment RISO 
DK-4000 Roskilde 
Denmark 
Attention: Dr. N. Ransen 
Avco Space Systems Division 
Lowell Industrial Park 
Lowell, Massachusetts 01851 
Attention: Dr. A, S. Bufferd 
ADDRESSEE 
NUMBER 
OF COPIES 
Aerojet-General Corp, 
Attention: Mr. Ira Petker 
Technical Specialist 
Composite Structures Dept. 
Azusa, California 91702 1 
Battelle-Institue e,V, 
Wiesbadenstrasse, Postfact 
1337 
~rankf urt /Main, W . 13 
Germany 
Attention: Dr, R. 
Scharwaechter 1 
The Bendix Corporation 
Research Laboratories Division 
Southfield, Michigan 48075 
Attention: E, C. Johnson 1 
Atomic Energy of Canada, Ltd, 
CRNL 
Applied Materials Research 
Branch 
Chalk River, Ontario, Canada 
Attention: Dr. C. D. Williams 1 
Battelle Memorial Institute 
Attention: Dr, Robert I. 
Jaf fee 
505 King Avenue 
Columbus, Ohio 43201 1 
Cambridge University 
Department of Metallurgy 
Attention: G. C. Smith 
Pembrooke Street 
Cambridge, England 
Case-Western Reserve Univ. 
Dept. of Metallurgy & 
Materials Science 
University Circle 
Cleveland, Ohio 44106 
Attention: Prof. L. Ebert 1 
Prof. L. Leonard 1 
ADDRESSEE 
Central Electricity Research 
Lab. 
Attention: Dr. I. Palmer 
Materials Division 
Kings ton Road 
Leatherhead, Surrey 
England 
Chromalloy Corporation 
Attention: M. Epner 
Sintercast Division 
169 Western Highway 
West Nyack, New York 10994 1 
Defense Documentation Center 
(DDC ) 
Cameron Station 
5010 Duke Street 
Alexandria, Virginia 22314 1 
Defense Metals Informtion 
Center (DMIC) 
Battelle Memorial Institute 
505 King Avenue 
Columbus, Ohio 43201 
Denver Research Institute 
University Park 
Denver, Colorado 80210 
Attention: Library 
Fansteel Metallurgical Corp, 
5101 Tantalum Place 
Baltimore, Maryland 21226 
Attention: Dr. L. Klknger 
Frankford Arsenal 
Mr. Hyman Rosenthal 
Research Advisor 
Metallurgy Research Lab, 
Philadelphia, Pennsylvania 19137 1 
Firth Sterling, Inc , 
Powder Metals Research 
P. 0. Box 71 
Pittsburgh, Pennsylvania 15230 Z 
NUMBER 
OF COPIES 
IL1e Franklin Institute 
At ten tSo~ ,? :  Dr, R,  Jones 
S o l ~ b  S t i r t e  Sciences Div. 
Ph87adeIphFa,  Pa. 19103 1 
b onera1 Electric Research 
6 Development Lab, 
A t t ~ n t i o l r :  Dr, E. W, Hart 
Schenectaddy, New Uork 1 
Csnera l  ~ B e c t r i c  Company 
betenthori: @, T ,  Sims 
Bldg, 55 
Ekte:naQr 6 Process Labs, 
S c h s l ~ s c t a d y ,  New York 12301 1 
Ceneral Clectr ic  Company 
Pdvanced Technology Lab, 
>\ttentnon: Library 
acbenectadg, New York 12305 1 
CeneraP Ybectrlc Company 
"hter la ls  Dev, Lab, Oper, 
A advanced Engine Sr Technology 
9epa: t .l:~errat 
~ i k t e n t i o n :  Dr, R, E, Allen 1 
Pk, E. P. Jahnke 1 
&enera1 Motors Corporation 
~ l l i s o n  Division 
n t t r n t i s n :  D, K ,  Nanink 
&$@rials Lab. 
.nd~anapolis, Indiana 46206 1 
Gordon FIcKay Laboratory 
Attention: Prof. M, F. Ashby 
Jarvard  Sniversity 
<ambrhdt3e, Phss, 02138 1 
i l l i k o n  ~stpaa-acaition 
4ttentron: Dr, L. J, Bonis 
?latick 'Lndus trial Center 
-+stick, %hssachusetts 01762 1 
Institute de Recherches de la 
Side ru rg ie  Prancaise (IRSID) 
Attention: Dr, L. Roesch 
185, Rue Presendent-Roosevelt 
St , Gernain-eia- Laye (S & 0) 
Prance 
ADDRESSEE 
FUMBER 
OF COPIES 
International Nickel Company 
Attention: Dr. J, S. Benjamin 
Paul D. Merica Research Lab. 
Sterling Forest 
Suffern, New Uork 10901 1 
International Nickel Company 
Attention: R. R. Dewitt 
67 Wall Street 
New Uork, New Uork 1005 1 
International Nickel Company 
Attention: Library 
Hunting, West Virginia 25701 f 
ITT Research Institute 
Attention: S. L, Blum 
Technology Center 
Chicago, Illinois 606x6 
Jet Propulsion Laboratory 
Attention: Library 
480q Oak Grove Dr, 
Pasadena, California 91102 
Arthur D. Little, Inc, 
Attention: Dr. B, Bovarnick 
'20 Acorn Park 
Cambridge, Massachusetts 02140 1 
Lockheed Missile and Space Go. 
3251 Hanover Street 
Palo Alto, California 94304 
Attention: Dr, E. 6, Burke 
Mat Is. Science Lab, 1 
Dr, T, E. Tietz 
Matls. Science Lab. f 
Tech, Information 
Center 1 
Lockheed-Georgia Company 
Attention: Dr. W. S. Cremens 
Research Laboratory 
Marietta, Georgia 30060 
Lycoming Division 
AVCO 
Attention: Mr, W. Freeman 
505 S. Main Street 
Stratford, Conn. 06497 
NUMBER 
OF COPIES 
Massachusetts Institute 
of Technology 
Department of Metallurgy 
Room 8-305 
77 Massachusetts Avenue 
Cambridge, Massachusetts 02138 
Attention: Prof. N. J. Grant 1 
McDonnell Douglas Corporation 
Materials Research Division 
Attention: Dr, D, Killpatrick 
3000 Ocean Park Blvd. 
Santa Monica, California 90406 1 
&Master University 
Attention: Prof. J. D. Embary 
Dept. of Metallurgy and 
Platerials Science 
Hamilton, Ontario, 
Canada 1 
fichigan Technical University 
Attention: Prof. R. W. Guard 
Head, Dept. of 
Metll. Engrg. 
Woughton, Michigan 49931 1 
Narmco Res. & Dev. Division 
Whittaker Corporation 
Attention: Dr. F. J, Riel 
Tech. Director 
3540 Aero Court 
SanDiego,California 92123 1 
N.R.A., Inc. 
Attention: Dr. S. Grand 
35-01 Queens Blvd. 
Long Island City, New York 
11101 1 
National Research Corp. 
Attention: Tech. Info. Ctr. 
70 Memorial Drive 
Cambridge, Mass. 02142 
The Ohio State University 
116 West 19th Avenue 
Columbus, Ohio 43210 
Department of Metallurgy 
Attention: Prof. M. G ,  Fontana, 
Chrm. 1 
Prof. R. A, Rapp 1 
Oxford University 
Attention: Dr. F. J. Humphreys 
Dept. of Metallurgy 
Oxford, England 1 
Pennsylvania State UnFversity 
Attention: Prof, M, @, Bnmn 
Department of Materials Science 
University Park, 
Pennsylvania 16802 
Pratt & Whitney Aircraft 
Attention: Dr. D. K. Boone 
Advanced Materials Res, & 
Development Lab. 
Middletown, Conn. 06473 
P. R, hllory and Co,, Ine, 
Attention: Technical Library 
'3029 E. Washington Street 
Indianapolis, Indiana 46206 
Pratt & Whitney Aircraft DLv , 
United Aircraft Corpomtiesn 
Attention: E. F, Bradley 
400 Main Street 
East Hartford, Connecticut 
06108 
Pratt & Whitney Aircraft Div, 
United Aircraft Corporation 
Attention: J, Moore 
West Palm Beach, Florida 33402 
NUMBER 
OF COPIES 
2ersse l ae r  Polytechnic Institute 
At:ancioc: Prof, F. V. Lenel 
Depsrtme~: of Materials Science 
Trcg,  Yew Tork 12180 1 
S h e r r i r t  Glardon Mines, Ltd. 
At~ten tbsn :  Dr, ID. J. I. Evans 
Rzsearrh and Development Div. 
Fos t Saskatchewan 
AlSerza, Canede 
Sol  a2 3ivis ion 
I A ~ t e r n a t % o n a l  Xarvester 
Attention: J, V, Long 
2EtYl ? a c i f i c  Highway 
9a . D19ga, California 92112 1 
S c a n f e r d  Rzsearch Institute 
A:-?ontion: F, A, Halden 
He: I: Park California 94025 1 
Sitanford L-ivers Fty 
Attention: Prof, Oleg Sherby 
De~artmeck of Materials Science 
Pa Lo 31t3, Gall.i:ornia 94305 1 
Sgivania E l e c t r i c  Products, Inc. 
Atzertion: Dr, J, S. Smith 
ChemicaB & Metallurgical Div. 
To\<anda, Pennsylvania 18848 
ia - r r  
, h ~ ,  Poe, 
X t r e ~ t ~ o n ~  Dr, E, Steigerwald 
TIGJ E Eect.rssmechanica1 Div. 
235555 Euolld Avenue 
Cl?ve l and ,  3hio 44117 
ADDRESSEE 
NUMBER 
OF COPIES 
Cabot Corporation 
Stellite Division 
Attention: Technical Library 
Technology Department 
Kokomo, Indiana 46901 
University of Birmingham 
Attention: Prof. R. E. Smallman 
Dept. of Physical Metallurgy 
Edgebas ton 
Birmingham, England B 
University of California at 
Los Angeles - 
Attention: Dr. G. Hoffman 
Los Angeles, California 90024 '9. 
University of California 
Attention: Prof. J. E. Dorn 
Hearst Mining Bldg. - Room 268 
Berkeley, California 94720 B 
Universal-Cyclops Steel Corporation 
Attention: L. W. Lherbier 
Bridgeville, Pennsylvania 15017 1 
University of Kentucky 
AFtention: Prof, Hans Conrad 
Dept. of Metallurgy 
Lexington, Kentucky 40506 
Wah Chang Corporation 
Attention: S. Worster 
Albany, Oregon 97321 
Westinghouse Research Lab, 
Attention: R. T, Begley 
Metallurgy Department 
Pittsburgh, Pennsylvania 
